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MEASUREMENT AND CALCULATION OF 
FERRITE IN STAINLESS-STEEL WELD METAL 


Magne Gage found to be a useful and reliable 


instrument for the measurement of ferrite if properly used 
Also, new constitution diagram 


on as-welded specimens. 


for stainless-steel weld metal is proposed by authors 


BY W. T. DELONG, G. A. OSTROM AND E. R. SZUMACHOWSKI 


ABSTRACT. Because close control of 
the ferrite content of austenitic stainless 
weld deposits is needed in many applica- 
tions, the accuracy of ferrite measurement 
and ealeulation is important. The ferrite 
content of over 600 weld pads of a wide 
range of sizes, types coatings was 
studied. The use of a Magne Gage for 
measuring ferrite was studied, and the 
instrument was recommended for this pur- 
pose when used with the specific proce- 
dures outlined 

Measured ferrite was compared with fer- 
rite as calculated from the Schaeffler dia- 
gram. A new diagram was proposed 
which used all of the Schaeffler equiva- 
lentes plus a nickel equivalent of 30 for 
nitrogen. Measured ferrite was compared 
with ferrite as calculated from this dia- 
gram. This new diagram reduced the 
spread of values between measured and 
caleulated ferrite for the 308 and 347 types, 
and improved the accuracy of calculation 
for the 316, 317 and 309 types. 


Introduction 


A erack-free deposit is one of the most 
important requirements of a good arc- 
welding eleetrode. One of the 
effective ways of controlling the erack 
sensitivity of stainless weld deposits 
normally containing some ferrite is to 
control the ferrite level. 

Recognition of the importance of 
ferrite in controlling cracking has de- 
veloped over the past fifteen years. 
World War II produced a tremendous 
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demand for austenitic armor welding 
electrodes capable of depositing crack 
free root passes in highly restrained 
joints on heavy armor plate. During 
this period, it was found that Type 308 
weld metal compositions having a high 
chromium to nickel ratio 
crack resistant than those 


ratio ol 


were more 
which had a 


nickel 


it was natu- 


lowe! chromium to 
Proceeding from this fact 
ral to add increased amounts of chro- 
mium, and eventually molybdenum, to 
increase the ferrite content and the crack 
Type 308 
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Fig. 2 Magne Gage with typical 
weld pads produced from */\ in. and 
electrodes 


on the effeet of the chromium-nickel 
ratio and molybdenum content of the 
properties of armor welding electrodes. 

This knowledge was carried over to 
stainless electrodes and led to the de- 
velopment of the widely accepted and 
very useful Schaeffler diagram’ (Pig. 
1) which was stated to be accurate for 
types 308, 309, 309 Ch, 310, 312, 316 
$17, 318 and 347 within +4% ferrite 

Simpkinson® ? proposed the use of 
an Aminco Brenner 
measure ferrite in 
and discussed the effeet of size, shape 


Magne Gage to 
austenitic steels, 
and orientation of magnetic particles on 
the gage readings. The results showed 
that these factors all have an effect 
on the readings obtained and must be 
considered when the Magne Gage is 
used to determine ferrite 
Fieischmann*® studied Magne 
ferrite measurements and the standard 
magnetic properties of maximum per- 
meability and induction 
as determined on low and high magne- 
tizing force permeameters. This work 
was done on four different Type 347 
bakelite-car- 
bony! iron were used as standards. He 


Cage 


saturation 


deposits. Compacts of 


4 


showed that if the ferrite had been 
spherodized by annealing, the Magne 
Gage readings were not as accurate an 
indication of ferrite quantity as the 
intrinsic induction at saturation. This 
work did not conflict with Simpkinson’s. 
Both established that the size, shape and 
distribution of the magnetic particles 
affect the readings of instruments with 
low magnetic field strengths, such as 
the Magne Gage or the type of perme- 
ameter used to determine maximum 
permeability. 

If high ferrite were desirable in all 
crude would 
suffice. Unfortunately, 
desirable if the temperature and time 
cycles encountered during manufactur- 
ing or service allow the formation of 
sigma phase. Curran and Rankin’ 
illustrated this for Type 347 weld metal. 
For many high-temperature applica- 
tions, some ferrite is desired for crack 
resistance, but a maximum limit is 
included in the requirements. Ferrite 
is also detrimental in some molybdenum- 
bearing types in many corrosion environ- 
ments. Thus the major problem is to 
control the ferrite level of many types 
of weld deposits rather than to indis- 
criminately aim for a high ferrite level. 


measurements 
ferrite is un- 


respects, 


Purpose and Scope of This Study 

The original data were collected to 
evaluate the use of the Magne Gage 
together with a simple pad preparation 
procedure to measure the ferrite level 
of a weld. A second purpose was to 
check the quality-control procedures 
used to control the ferrite level of the 
deposit. As the information was de- 
veloped, it became apparent that it 
would be of practical interest to those 
concerned with specifying and measur- 
ing ferrite in weld metal, 

There are three particular areas of 
interest 

1. The use of the Magne Gage for 
measuring ferrite. It is felt that the 
data should stimulate further interest 
in this instrument*for this use 

2. The spread of data to be expected 


when measuring or calculating ferrite. 

4. An improved constitution dia- 
gram for the calculation of ferrite. 

The present Schaeffler chromium and 
nickel equivalents for the various ele- 
ments were not studied. A study of 
these equivalents would require that 
the experiments be designed to mini- 
mize variations from other factors, and 
this investigation is primarily a study 
of the variations caused by these othe: 
factors. 

Experimental Work 
Magne Gage 

The ferrite in the weld 
measured with an Aminco-Brenner 
Magne This instrument has 
been described in detail in papers re- 


pads wis 
(rage, 
ferred to previously,“ 7 and will only 


briefly here. It is 
relatively simple and inexpensive, con- 


be described 


sisting of a permanent bar magnet on a 
pivoted arm, with a calibrated knob 
connected to the pivot bur through a 
spring. The 
small and has a hemispherical point 
To use the instrument, the calibrated 
knob is turned counterclockwise until 
the magnet remains in contact with the 
specimen. The knob is then turned 
clockwise to apply an increasing torque 
at the pivot. When the torque be- 
comes sufficiently high, the 
breaks free from the specimen, Th 


spiral magnet is quite 


magnet 


+ METALLOCRAPHIC DETERMINATIONS 
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MAGNE 


PERCENT FERAITE 
Fig. 3 Magne Gage readings versus 


ferrite content 


Fig. 4 Two of the photomicrographs used for a 10-line count ferrite determination. Etched with Kalling’s reagent. X 1500 


(Left) Sample 26.9% ferrite by 10-line count. 


(Right) Sample 512.7% ferrite by 10-line count. 
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Table 1—Magne Gage Reading Versus the Percent Ferrite as Determined by 


Metallographic Examination of a Number of Weld-Metal Pads 
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No Size T ype 
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5 47 
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reading 
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7 WMo 108 23.6 

LA 42 8.3 

M7 LC 8.5 

10 wos LA 17 

11 4 16 LO 
dial reading taken can be used directly pads. The pad made at least 
or can be converted to a zero base, as one inch high experiment il 
was done for data in this paper rhe checks indicated the mild-steel 
gage can be used with magnets of dif- base priate has no et on the Magne 
ferent strengths All data were ob (Gage reading when the pad height was 
tained with magnet number three over in. The etion of welding 
which is usable from 0°) to approxi- was reversed for each pass to keep the 


mately 22° ferrite in the weld metal 

The Magne Gage is shown in Fig. 2 
In order to show some of the details ol 
the bar magnet, a plastic housing which 
the 
nism has been removed 
Weld-Metal Pads 

Over 600 weld pads were studied 


representing all sizes of electrodes from 


normally covers working mecha 


i 


1 to , in.; three types of coatings 
one lime (AWS-15) and two titania 
(AWS-16 and a special titania ind 
weld metal of types 208, 308 low carbon 
299. 309 Ch, 316, 316 low carbon 
317. 317 low carbon, 318 (316 Cb 
347 and a 308 molybdenum modified 
type 


The weld-metal pads were prepared 
Che base 


Welding pro- 


in the simplest possible wa) 
material was mild steel 

cedure s were as recon mended lor stain- 
short are and 


less ‘ lectrodes 1.e., & Ver’ 


relatively low current. The weld pads 
were only one bead wide to minimize 
welding time felatively thin beads 
were deposited to keep the metal 
from running The beads were 
quenched from a red heat to muni- 


mize the time required to prepare the 


top ol the pad par all 
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Table 3—Ferrite Measurements on One-Bead Wide Pads Versus Four-Bead Wide 
Pads. Welder No. 1 (Average of Readings from One Weld Bead) 


Fe 
head 


Type Size, in ( vating 
S16 LA Titania 
316 LO Lime 
347 Titania 
347 Lis it 
316 LC Lime 
347 Tit 
347 Titania 
347 inne 
Lim 


309 
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Table 2—Reproducibility of Magne 
Gage Ferrite Measurements from Pads 
Made by Various Welders (Average 
of Readings from Three Weld Beads) 


he le / 
in th 
pad pad 
AD 5409, 


DC tr 
m ne tania 
Pest Welder 6 5.1 
Repeat several da 
later 7 0 16 
Repeat several days 
later iv 
lest Welder 2 14 
Test Welder 66 14 
kngineer | os 36 
Kingineer 2 6.2 2.2 
Rep it ilter watcl 
ing Welder 2 62 i4 


relating the ferrite 
with its Magne Crage 


the use of absolut 


content of a deposit 
reading, One 18 


taundards of mag 


netic iron particles in a nonmagnetic 
matrix 4 second is to determine the 
ferrite content of pads by metallographic 
means toth of the ipproaches were 
used 

The curve given in Fig. 3 was based 


on absolute standards ol ligghitly sintered 


iron and copper powder compacts, 
The source of these standards is given 
in our acknowledgment Phese stand- 
irds_ not used directly, In- 


Table 4—Effect of Current on Meas- 

ured Ferrite, Pad No. 3446, Type 

309, w-In., DC Titania Electrodes, 

Welder No. | (Average of Readings 
from Three Weld Beads) 


end Ferrite, 
imp 
16 
140 
170 
lable 5—Base Material Type 304 


Stainless Plate, Pad No. 3446, Type 


309, -in., DC Titania Electrodes, 


Welder No. 1 (Average of Readings 


from One Weld Bead) 


Height 
plate Ferrite 
Lay 
Ibu plate OO 
58 
5 3 
25 16 
| 
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Ferrite 
Mo im 23.0 
25 7.1 
io = 12 | 
Mo ia 
13.4 
i 
thes 
| 
| 
wit 
uli 
_ 
Pad No wide 
6.2 6 0 
10 10 
9.2 
339) 14.3, 11.1° 
1 4 8 4, 9 2° 
3307 7.6 0) 
7 6 7.4 
= Titania 400 51 


INCREASING 

FREQUENCY 
or 

OCCURRENCE 


VARIATIONS BELOW AVE RAGE 
Fig. 5 A-normal distribution curve 


steml, the “ferrite values’ of a number 


of specimens were determined with a 
Magne Gage 
had been established with the iron cop- 


whose calibration curve 


per compacts, The readings on our own 
instrument were then determined for 
these specimens, and the curve was 
drawn 

To determine whether the curve in 
Fig. 3 correctly 
curve for weld metal, a metallographic 


represented a ferrite 
study was made of a number of pads 
included in this study 
sectioned perpendicularly to the axis 
of the etched, photo- 
graphed and examined, Two of the 
The fe 
rite was extremely fine because of the 
pad geometry and welding procedures, 
and « point count pre edure of de- 
termining the ferrite level was judged 
too diffieult. Therefore, a ten-line count 
method was used on the photographs 
This consisted of drawing ten parallel 


The pads were 
heads, polished 


samples are shown in Fig. 4 


and equally spaced lines on each photo- 
graph, and accurately totaling the length 
of ferrite these lines 
with a drafteman’'s dividers. The total 
length of the ferrite intercepts divided 
by the total length of the lines gave the 
percent ferrite. Preliminary 
had shown that the average of the ferrite 
values of individual pictures at the top, 
middle and bottom of the bead in the 
center gave a reasonably good over-all 
therefore, three pic- 
The average 


Intercepts on 


stuclies 


value for ferrite; 
tures per pac were used, 


Magne Gage readings versus the metal- 
lographie ferrite determinations from 


VARIATIONS ABOVE AVERAGE 
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Fig. 6 Variation of individual 
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Magne Gage ferrite 


measurements from the average for the same heat, size 


and coating 


these pads are given in Table 1 and 
included in Fig. 3. The metallographic 
checks established that — th 
drawn from the copper iron standards 


eurve 


was reasonable 

As pointed out by 
different permeability of the ferrite in 
different types of weld eould 
affect the 
cause of the low magnetic field strengths. 
To determine if this factor influenced 
the types of weld metal included in this 
study, four observers examined metal- 


Fleischmann," 


metal 


Magne Gage readings be- 


lographicaily weld metal containing 


from 4.2 to S4% measured ferrite by 
Magne Gage. Sizes '', and in. 
were included, and one pad each of 
three types of coating and of weld metal 
types 308, 308 LC, 347, 309 and a 
None 
of the sizes, coating types or weld metal 
types showed an abnormally higher or 
metallo- 


molybdenum bearing IS-S8 type 


lower percentage of ferrite 
graphically than 
from the Magne Gage reading. The 
from the 


showed a relationship between ferrite 


would be expected 


results various observers 
and Magne Gage reading, but a random 
distribution with regard to all the other 
Of the 15 pads studied, the 
average ferrite estimated by the ob- 
differed from the 
measured by the Magne 
more than +19 on only three pads. 
The three that were not within this 
tolerance, a 308, a 308 LC and a 347, 
were within +20, of the measured 
This agreed with the 


variables 


servers fernte as 


Gage by 


ferrite. data 


Description 


Original test, standard procedure 
Original test, standard procedure 

40 F quench and interpass 

Air cool, 150 F interpass 

40 F quench and interpass, | day later 
Air cool, 150 F interpass, | day later 
Standard procedure 

Standard procedure 

Standard procedure, | day later 
Standard procedure, | day later 


Table 6-—Effect of Cooling Rate, Interpass Temperatures and Welder on Measured 
Ferrite. Average of Readings from One Weld Bead. Type 347, DC Titania, 


Pad Ferrite, 
No Welder Of 
2056 6.6 
S104 4 
3165 6 
S166 
S167 0 
3168 6 
3169 2 74 
3170 3 7.2 
3171 2 66 
3172 os 


BELOW CORRECT ABOVE CORRECT 

PERCENT FERRITE 
Fig. 7 The variations in calculated 
percent ferrite due to chemistry varia- 
tions shown in Table 9 for Type 308 
weld metal 


data given in Table | in indicating that 
the variation in permeability of the 
ferrite in the alloys included in this 
study did not seem to have sufficient 
effect to warrant its consideration 
Procedure Used for Analysing the Data 

It Wits impractical and would not have 
been particularly useful to have in- 
cluded in this paper the data on each 
of the individual weld pads. Instead 
the data were summarized in various 
ways. The study was made on a 
statistical basis because of the large 
number of pads and the variables in- 
volved. However, statistical termi- 
nology was avoided and only one major 
statistical tool was used —the frequency 
distribution curve. A typical norma! 
distribution representing the theoretical 
normal curve of error and data due to 
illustrated in 


chance inaccuracies is 


Fig. 5 


This had the advantage of 


Table 7—Effect of Bead Thickness on 


Measured Ferrite. Average of Read- 

ings from One Layer. Type 309, DC 

Titania, */\¢ Pads 3409-9-10-11, 

Welder No. | (Average of Readings 
from One Weld Bead) 


Average 
he ad 
thickness, Ferrite 
in. 
0.06 10 
0.08 4.2 
0.12 3.6 
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presenting the results graphically in 
an easily understood form. 


Influence of Welding Procedure on 
Measured Ferrite 


Several series of tests were run to 
determine the reproducibility of the 
measured ferrite as a number of con- 
ditions were varied. The results of 
these tests are given in Tables 2 to 7 
Table 2 shows the results obtained by 
various welders, including three en- 
gineers whose poorer control of ar 
length tended to produce low ferrite 
Table 3 shows the results with pads 
only 1 bead wide versus pads made 4 
beads wide. The readings on the 4- 
bead pads were taken only on the center 
two beads Table 4 gives the effects 
of various currents. Table 5 lists the 
results on various layers of a pad made 
on nonmagnetic Type 304 plat 
Table 6 shows the results with various 
cooling rates, interpass temperatures 
and welders Table 7 shows the effect 
of bead thickness On all tests, the 
spread of individual Magne Gage meas 
urements on one weld layer was quite 
reasonable Of 90 tests in this group 
for which individual readings wer 
available, better than half showed a 
total spread between the highest and 
lowest reading of OS to 1.207 ferrite 
Over one-quarter of the remaining tests 
showed less variation than this and 
under one-quarter showed total 
spread of from 1.4 to 2.6% ferrite The 
spread of the values in the 4-bead wide 
pad, Table 3, was somewhat greater 
than on the single-bead wide pads 
The data in this series of tests indicates 
that ferrite in an as-welded pad can be 
rather easily and reproducibly measured 
by means of a Magne Gage, and that 
differences in technique have relatively 
little effect on the measured percent 
ferrite. 

To get a good average value for fer- 
rite content of a weld ino minimum 
time, the authors recommend that the 
pads be welded as described here, ! 
inch high if on stainless plate, 1 inch 
high if on mild, and measurements 
made on the center portion ol the pad 
Two more layers should be added and 
the process repeated If the readings 
do not agree within 1°) ferrite, a third 
set of readings should be tuken ilter 
two more layers have been added 
This procedure should be repeated by 
a second welder and perhaps a third 
to insure that standard welding tech- 
niques have been used 

The first experimental distribution 
curve presented shows the variations 
in Magne Gage readings More than 
one batch of electrodes of a given t yu 
size and coating were frequently made 


from a given heat of wire. These su 
cessive batches were soretimes made 
on the same day, sometimes weeks or 


shows how 


Table 


even months later 
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Table 8—Variations Between Magne Gage Readings Due to Experimental and 


Variation fron 


average 


VG 


eading 


6 25/8 
8.75/12 
12 


Human Error 


pprorimate 
fe rrilé 


rariation, 


0 27 
27/0.53 
0 53/0 80 
O68 
1 35 
1 33/1 86 
1 86/2 65 
46 
46/4. 23 


Cumulative 
of total 
readings 
33.55 
ol 46 
72.64 
20 
47 
92 06 


100. 00 
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actual 
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Table 9—Variations in Ferrite Due to Errors in Chemistry 


( Variation Variation 
inf in 
of equivalent calculated 
elemen ferrite, 
15 O4S 11 
tO 15 SS 
£0 OF 18 
\ Variation Variation 
alen n in 
‘ equivalent calculated 
element ferrite, %t 
My 12 24 
| 10 20 
tO 15 £0 40 


chromium equivalent 


ke 


quivalent 


Table 10—Summary of All Pads, Ferrite as Calculated from the Schaeffler Diagram 
Versus Measured Ferrite 


Toral 


Total 
Vo. of 


H55 


4 1 ve rage 
difference 
hetween 
measured 
and 
caleulated 


rage equodlent ferrite, 
\ 

20 1 6 

12.2 10 

12 5 1.2 

+5. 1 
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| Frequency Frequen 
of per 1.24 
occurrence UG point 
O/1 24 114 114 
|. 25/2 49 
2.50/3.75 {8 
75/4 09 26 26 
5 00/6 24 21 21 
74 10 
16 50/1999 
20 OO and over rT) 
Porat 
t 
Vo Weld | 
ee mela 
Fig ty pe pads 
2 $47 22% 20 
16 22 214 
$17 
LA 21 4 
$17 TA 
7 74 246 


NICKEL EQUIVALENT 


23 24 25 


CHROMIUM EQUIVALENT 
Fig. 8 Data from Table 10 plotted on an enlarged section of the Schaeffler 


diagram 


The number above the point refers to the weld metal type as given in Table 10, the percentage below 
the point refers to the amount of meosured ferrite above (+4) or below (—) the calculated ferrite. 


individual readings varied from the 
average of their group. Figure 6. is 
the distribution curve for this data 
and includes a normal distribution curve 
for comparison The shape of the curve 
was not changed if the data were plotted 
on negative basis, 
Therefore, the sign was ignored in 
collecting and plotting the variations. 


These data were of use in evaluating 


positive and 


the spread of values between the cal- 
culated ferrite and the measured ferrite. 

The over-all data from the 
given in Tables 2 to 7, and the distribu- 


tests 


tion curve deseribed in Table S and 
Fig. 6, led to two conclusions 
1, Ferrite in 
the type 


an ne-welded deposit 
described can be repre 


ducibly measured with a Magne Gage. 
It is possible that the fine ferrite dis- 
persion and the preferred vertical orien- 
tation of the stringers within the weld 
beads contribute to this uniformity. 

2. It should not be difficult for lab- 
oratories with common standards, using 
the procedures recommended prey ously 
to duplicate each Therefore 
the measurement of ferrite with a Magne 


other 


Gage is potentially useful in specifica- 
tions. 


Chemistry Variations 

Since the calibration of ferrite from 
any constitution diagram is based upon 
the chemistry of the deposit, it is sub- 


ject to variations between the true 
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Fig. 9 New constitution diagram for austenitic stainless-steel weld metal 
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chemistry and the analyzed chemistry. 
The effect of these variations on the 
calculation of ferrite was considered on 
a theoretical basis. 

Table 9 gives estimated analytical 
accuracies which may be expected 
about two-thirds of the time, not from 
a research laboratory but from a well- 
control laboratory 
handles 
analytical 
were converted to nickel and chromium 


managed quality 


which normally many such 


analyses. The variations 
equivalents and to the corresponding 
ferrite variations. The individual varia- 
tions were squared, added together and 
the square root of the sum then rep- 
resented the combined effect of all 
the variations. Making the assumption 
that the variations which oceur follow 
a normal distribution curve as described 
earlier, the over-all effect on calculated 
ferrite level was represented by the curve 
for Type 308 shown in Fig. 7. This 
included only the elements carbon, 
manganese, silicon, chromium, nickel 
and nitrogen. If molybdenum and 
columbium variations had been included, 
the curve would be somewhat broader 

Putting the curve into words, about 
of the 
analyses will give a ferrite result within 
0.4507 of the ferrite as calculated from 
the true chemistry, about 27°) will 
be from 0.45 to 0.90% away, about 4% 
of the results will be from 0.90 to 1.35% 


away, and a small fraction of a percent 


laboratory determined 


will be more than 1.3597, away from the 
ferrite calculated from the true chem- 
istry, 


Schaeffler Diagram 


The Schaeffler constitution diagram 
for stainless steel weld metal has been 
successfully and widely used to judge 
the ferrite content of weld metal. The 
first step in studying the weld pads 
available for this work was to compare 
the ferrite content as calculated from 
the chemistry with the ferrite content 
as measured, 

Most of the deposit chemistry was 
estimated from the known chemistry 
of the core Wire, Using procedures whic h 
had been developed over a period of 
vears and which are continually being 
checked. 

Based on previous experience, these es- 
timations were between one and one-half 
times the limits outlined in Table 9, and 
were judged reasonable and acceptable 
for the intended purpose. The actual 
deposit chemistry was used where 
available. 

The ferrite level of each deposit was 
calculated from the chemistry using an 
The dif- 


ference between the calculated and the 


enlarged Schaeffler diagram 


measured ferrite was recorded for each 
pad. A positive value for this difference: 
indicated that the measured was higher 
than the calculated ferrite, and a nega- 
tive value that the measured was lower 
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than the calculated ferrite These data 


for speci types ol weld pads were e@Xx- 


pressed in terms of averages In Table 
10. and graphically on an enlarged 
section ol the Schaeffler diagram in 
Fig. 

A study ot Fig. & and the data used 
to derive it led to several onclusions 
The first was predictable t factor for 
nitrogen should be introduced into the 
calculations. It was apparent from 4 
study of the individual pads that there 
were sortie which showed much less 
ferrite than expected. It was learned 
very early in the study that these pads 
were made from relatively high nitrogen 
heats, and the low ferrite levels explain 
why the types 308, 347 and 308 LA 
averaged 1.0 to 1.6% less lterrite than 
ealeulated. The remaining heats with 
normal nitrogen showed good agreement 
hetween calculated and measured fer 
rite. far better in fact than the 4 YW 
claimed by Schaeffler This observation 
has been confirmed by others who have 
heen using the Schaeffler diagram to 
calculate ferrite in types 347 and 30S 
1C, and is a tribute to Schaeffler’s 
excellent work in this field 

The second conclusion was that types 
316, 309, and related types which have 
higher Cr and Ni equis ilents than the 
308 and 347 types, averaged appreciably 
higher in ferrite content than the Sehaet- 
fle: diagram predicted ind that a new 
diagram should correct this discrepancy 

However, before modifying the dia 
gram, it was desir ible to establish an 
equivalent for ntrogen 

The Nickel Equivalent for Nitrogen 
Nitrogen is known to be a strong austen- 
ihizer Scherer™ stated in 1940 that in 
lightly alloved chrome-nickel steels 
0.10% nitrogen could replace 6 to 1% 
nickel. To establish a nitrogen factor 
to be used in a new constitution {it 
gram, & study was made of 27 type 
308. 347 and 308 low-carbon weld 
pads in which the nitrogen el 
high, being over 0.115% In each case 
the percent ferrite below typica and 


the percent nitrogen above typi il were 


determined for the particular siz 
coating und analysis dividing 
the decrease im the « pected ferrite 
level by the excess percentage ol nitro 


yen the fernte equ ent to O.O1% 


nitrogen was found For 24 of the 
pivls this factor ranged from to 
lerrite ith an average ol 0.6' 

On the new diagram which will be 
described later, 0.69) ferrite is equiva 


lent to 0.3% nickel, and therefore the 
nickel equivalent of nitrogen was set 
t 30 for the new diagras 

The New Diagram 

Nitrogen analyses vere run on 

number of the weld pads and core wires 
With the information developed the 
nitrogen contents of ovet half of the 
pads included in the study were es ib 


lished. This group included all 


NoveMBER 1956 


the addition of a 


high nitrogen heats, because all pads been modihed »b 
were included in which the measured nitrogen factor, making the new nt kel 
ferrite was well below the calculated equivalent equal to “% Ni plus 
ferrite Thus the pads considered in ©; C plus 30 & N plus 0.5 & % Mn. 
the balance of the paper contain an The new cdiagra differs from the 
ibnormall high proportion of high Schaefer diagram for the same area in 
nitroge! vais number of wa First, of course the 
New nickel equi tients were nitro sient Teen dded and 
lated for each pad for which a nitrogen iffected the ition of all the lines, 
value had been secured and the resulting erciia tuinless steels 
cata plotted To bridge the anit rie nitre Second the 
Letween the 308, 309 and 316 areas Opn 1 the opstant ferrite lines has 
pads were run on 4 series of laborators ly nereased tf rect the diserepan- 
tnade electrodes [wo heats of 30s ies found between, t culated and 
nd 309 and one heat of 316 LC were measured ferrite on types 316, 300 and 
included. On these core wires, & series elated types that o described earlier 
of coatings were extruded with widitions A third difference that the spacing 
to decrease the chromium and nickel between onstant ferrite nes is rela 
in one set, and to inerease the chromium tive onstant hile on the Sehaeffles 
und «onickel in anothet With these diagram the mcing between constant 
tests to supple ment the ay tilable data ferrite iri noticeabls 
from the quality control pads, Fig. 0 was greater at the LOG, fernte aren than in 
drawn This diagram covers the chem the zero to five or the 14 to 20% aren 
ical composition range of the weld The data now ava bole chon not allow 
metal types studied The chromium the extension of the new diagram to 
ilent isthe as forthe Schueffle: high entug ol terre but it 
diagram, but the nickel equi ilent has obvious that the ymcing between ferrite 
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Fig. 10 Distribution curves for differences between measured and calculated 
ferrite for the Schaeffler diagram (O and dotted lines) and the new constitution 
diagram (X and solid lines) 
The values given ore for the percent ferrite, with positive values indicating that measured ferrite ex- 
ceeded the calcuiloted, and negative that measured ferrite was less thar calculated 
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lines must decrease as the ferrite level 
InCrenses. 


Comparisons Between Calculated and 
Measured Ferrite 

It was then possible to compare the 
spread between measured and calculated 
ferrite for the pads available, making 
this comparison first for the Schaeffler 
diagram, and then for the new diagram 
These comparisons are shown graphic 
ally in Fig. 10, which includes 278 pads 
out of the 359 for which nitrogen values 
were available. The remaining weld 
metal type groups were too small to 
give reasonable distribution curves 
Figure 10 also includes, for reference 
and comparison, a normal distribution 
curve based upon one and one-half 
times the chemistry variations given in 
Table 9, and the variations in measured 
ferrite as given in Fig. 4 increased by 
LWA This increase was made because 
the curve given in Fig. 4 was based 
upon a comparison of individual values 
Thus, the 


variation was not sufficiently large to 


with the average of the set 
eover this situation, where practically 
all of the values were single determina- 
tions 
measured ferrite is particularly appli- 
cable to these data, since it was drawn 
‘lireetly from the data 
tions gave standard deviations of 0.67% 
ferrite for the chemistry variations and 
approximately 0.759), ferrite for devia- 
tions in Magne Gage readings, for a 


The curve showing deviations in 


These assump- 


combined standard deviation of 1.00% 
ferrite 

The distribution curves in Fig. 10 
demonstrated two major points. First, 
the introduction of nitrogen in the nickel 
equivalent effectively brought the high- 
nitrogen, low-ferrite pads which show 
up on the left side of the Schaeffler 
based curves into agreement with the 
normal nitrogen pads. When the dis- 
tribution curves were compared with 
the normal distribution curve included 
in Fig. 10, the results were in reasonable 
agreement both in shape and spread of 
values. The better shape was obtained 
largely by the addition of the nitrogen 
The spread of values in 
+ 207 


equivalent, 
most instances did not exceed 
ferrite, figure which could be predicted 
from the known variations in Magne 
Gage readings and in chemistry. See- 
ond, the discrepancies found between 
measured and calculated ferrite in the 
Schaeffler diagram at higher chromium 
and nickel equivalents, as found in 316, 
317 and 309 types, were corrected, 
Those few deviations which exceeded 
t 2°), ferrite on the new diagram distri- 
bution curves in Fig, 10 were on the 
positive size, Le., the measured ferrite 
exceeded the calculated value by more 


than two percent, In general, these 


528-8 


were found to be high nitrogen heats 
where the nitrogen factor of 30 evidently 
overcompensated for the effect of the 
high nitrogen contents 

The factors of electrode size and coat- 
ing type were found to have little practi- 
cal effect on the ferrite content of the de- 
posit. The averages of the variations 
studied did not differ from each other 
by more than one percent ferrite. We 
could, however, draw some tentative 
conclusions on the minor effects due to 
these variables. The two major groups 
of 347 and 308 low carbon were judged 
to have sufficient pads of relatively uni- 
form chemistry and ferrite to allow us 
to draw these conclusions, which should 
be regarded as tentative because of 
the over-all wide spread of data A 
rather unusual and unexpected feature 
of the data was that the titania-type 
coatings tended to average approxi- 
mately «ne percent higher in ferrite for 
a given chemistry than the lime-type 
coating. This is not a particular ad- 
vantage, or disadvantage, because ferrite 
at a desirable level is obtainable with 
either coating by proper control of chem- 
istry. 
smaller than the 
In general, the smaller sizes 
showed more negative variations, Le 
measured ferrite lower than calculated, 
than the larger sizes. This trend was 
appreciably more pronounced the 
lime coatings than in the titania coat- 
ings. 


Variations between sizes were 
variations between 


coatings. 


Summary and Conclusions 


A ferrite study was made on a large 
number of routine quality control pads. 
The study covered the measurement of 
ferrite by means of a Magne Gage and 
compared the measured ferrite with the 
ferrite as calculated from the Schaeffler 
diagram, The same comparison was 
made with ferrite calculated from a new 
diagram which included a nickel equiva- 
lent for nitrogen. A study of the Schaef- 
fler equivalents for various elements 
was outside the scope of this paper. 

The conclusions were as follows 

1. The Magne Gage, properly used 
on as-welded specimens, is a useful and 
reliable instrument for the measure- 
ment of ferrite. 
be able to check another within one 
percent ferrite in most 
addition, the tests are simple and in- 
expensive. The results indicate that 
further study of the Magne Gage using 
the procedures outlined would be worth 
while and could lead to a standard pro- 
cedure for measuring and specifying 
ferrite content of weld metal 

2. Variation in calculated ferrite due 


One laboratory should 


CASCS In 


to variations in chemistry is a factor 
which has not been given sufficient 
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thought. Although this factor was 
studied on a theoretical basis, the re- 
sults led us to believe that potential 
variations under good conditions are 
of the same order of magnitude as 
involved in measuring ferrite 
with the procedures recommended. 

3. A nickel equivalent of 30 was 
established for nitrogen. 

4. A new constitution diagram for 
austenitic stainless-xteel weld metal was 
proposed which included nitrogen in the 
nickel equivalent. This diagram was 
modified in shape and slope to improve 
the accuracy of ferrite caleulation on 
types 309, 309 Cb, 316, 316 LC, 316 
Cb, 317 and 317 LC over that obtained 
with the Schaeffler diagram. Ferrite 
calculation for the 308 and 347 types 
is improved on those samples which con- 
tain either high or low nitrogen. 


those 


Acknowledgment 


The authors thank the officers of the 
MeKay Co. for permission to publish 
this information, which was developed 
through the efforts of many members of 
the Research and Quality 
Laboratory at York, Pa. 

In addition, they thank Allegheny 
Ludlum Steel Armco Steel 
Corp. and Universal Cyclops Stee! 
Corp. for making many of the nitrogen 
determinations which were needed for 
this investigation. 

The copper-powder iron-powder com- 
pacts on which the curve in Fig. 5 is 
based were prepared by the Materials 
Engineering Department, Westinghouse 
Electric Corp., Pittsburgh. 


Control! 


Corp., 


Bibliography 


1 Schaeffler, A. L “Selection of Avs 
tenitic Electrodes for Welding Dissimilar Metals 
Tae Jounnat, 20 (10), Research Suppl 
HO l-« to 620-6 (1047) 

2 Strauss, and Maurer, Die Hochle 
giereten Chrom. Nickel Staehle ale Nichtrostend 
Krupp. Monatsh, 1, 129-146 August 
1u20) 

3%. Scherer, R., Riedrich, G., and Hoch, G 
“Einfluss eines Gehaltes an Ferrit in aueteniti 
schen Chrom-Nickel-Stahlen auf den Korna: 
fall Arch Kisenhuttenu 13, 53-57 il 
1939), as available in Translation No. 801 of H 
Brutcher, Altadena, Calif 

‘ Field, A. L., Bloom, F. K., and Linnert 
GE ‘Development of Armour Welding 
trodes The Effect of Variation in Chromiun 
Nickel Ratio and Molybdenum Content of Au 
tenitie (20 Cr-10 Ni) Electrodes on Properties of 
Armour Weldments OSBRD Report No. 3034 
Dee. 14, 1943 

5 Schaeffler, A. L., “Constitution Diagra 
for Stainless Steel Weld Metal Metal Progress 
56, 680 and 680-K (November 1940 

6. Simpkinson, T. V., and Lavigne, M. J 
“Detection of Ferrite by Ite Magnetienm Iind 
5S, 164-167 (February 1949 

7 Simpkinson, T. V., “Ferrite in Austenity 
Steels Estimated Accurately Tron Age, 170, 
166-169 (Dee. 11, 1952) 

8 Fleischmann, W. L.. “Determination of 
Ferrite in Type 347 Stainless Steel Weld De 
posite,” Tax Jounnar, 33 (9), Research 
Suppl., 450-6 to 468-« (1054 

9. Curran, R. M., and Rankin, A. W 
‘Welding Type 347 Stainless Steel for 1100 F 
Turbine Operation,” Jbid “4 4 205-213 
(1955) 

10 Scherer, R., Riedrich, G., and Kesener 
H. H., Stahl u. Risen, ae available in translation 
by C. M. Cosman, Iron Age, 155, 56-60 (Mar. 20 
1045) 


WeLpING Researcu SUPPLEMENT 


— 


DEVELOPMENT OF A FERRITIC-AUSTENITIC 
WELD JOINT FOR STEAM PLANT APPLICATION 


Ipparent solution to the cracking of ferritic-austenitic 
welded joints found in certain protective weld features and tn 


the use of the proper lype of austenitic electrodes 
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Table |—Study of Factors Affecting Dissimilar Weld Life 
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WELD 
METAL 


47 cycles 1100” F 


Fig. | Dissimilar weld crack in 10° ,- 
in. OD x 1.1-in.-wall test pipe after 
pressure and temperature’ cycles 
{1100°F-room temp.) X 100. (Re- 
duced by ' , upon reproduction) 


the specimen was sectioned for metal 
lurgical examination. The holding time 
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from 109 hr in the pipe test to 20 hr in 
in effort to reduce testing time, antic! 
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Fig. 2. Dissimilar weld crack in slow- and fast-cycled 0.505 tensile specimens. 
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to be according to the observed progres- 
sive stress-oxidation type of failure, but 
that the failure was predominantly 
caused by the seesaw action of the dif 
ferential expansion stress caused by 
cycling. To check this, a duplicate 
0.505-in.-diam tensile specimen (Speci- 
men 2, Table 1) containing a 1L9CrONi 

Cb weld between 2'/, CrilMo and 
ISCrSNi- Cb was tested in an identical 
manner, but it was held under stress at 
temperature (1100° PF) for only LO min 
to attain temperature uniformity, and 
then cooled to room temperature. It 
required 472, or 9 times as many, such 
fast cycles with a total time at 1100° F 
of 100 hr to produce the characteristic 
stress-oxidation crack in the 2'/,Crl1Mo 
steel, thus indicating that holding time 
at elevated temperature does have a 


137 cycles 1100° F 


Fig. 6 Dissimilar weld fracture in tensile specimen post- 
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significant influence upon the weld fail- 
ure and is necessary to make dissimilar 
weld testing representative of actual 
service conditions. The cracks formed 
in the slow- and in the fast-cycled tensile 
specimens are shown in Fig. 2 
Stress-Oxidation at Constant Temperature 
Since it was evident that the combined 
action of eyclic stress and holding time 
at temperature was necessary to produce 
dissimilar weld cracking in the same 
number of cycles as the big pipe test 
the question was raised as to whether 
stress-oxidation at the highly stressed 
weld interface would be sufficient to pro 
duce cracking without repeated thermal 
eyeling. Accordingly, a third 0.505-in 
diam tensile specimen (Specimen 34 
Table 1) containing a 19CrONi- Cb 
weld between 2'/,Crl Mo and ISCrSNi 
Cb was held continuously (without 
eyeling) at 1100° F under a stress of 
2600 psi for 1436 hr. Microscopic 
examination showed that the dissimilar 
weld junetion had not cracked but that 
preferential oxidation had uniformly re 
duced the diameter of the 2'/, CrlMo 
section of the specimen, as shown in 


2541 be 


weld treated at 1350 F and thermal-stress cycled at 


1100° F. X 100. 
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Fig. 3. This test pointed out that 
stress-oxidation and the preferential 
oxidation step formed at the highly 
stressed. weld interface would not cause 
eracking and that eycling the highly 
stressed material along the weld inter- 


face Was necessary to produce the 
characteristic dissimilar weld failure 
This test also indicated that maintain- 
ing a dissimilar weld in a steam pipe 
continuously at operating temperature 
would significantly extend its life 
Cyclic Stressing in the Absence of Oxygen 
Since cracking was not produced in 
the presence of oxygen without cycling, 
a study was then made to determine if 
cracking could be produced with cyclic 
stresses alone, in the absence of oxygen 
One 0.505-in.- diam tensile specimen 
containing a L9CT9ONi- Cb weid between 
2'/, CriMo and ISCrsNi 
eyeled in a helium atmosphere, and a 
second specimen ina lead bath. After the 
tests were completed, it was found that 


(‘b was fast- 


both specimens had cracked (see Table 1, 
Specimens 4 and 5). Unfortunately, 
there had been a small amount of oxygen 
in the helium and also in the lead bath 


Fig. 7 Test apparatus for thermal-cycling tension tests 
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Fig. 8 Cracked composite tube connection after thermal-stress cycling. 
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number of cycles only « small crack had 
formed, This teat pointed out that 
the metal temperature has a consider- 
able effeet on the number of tempera- 
dissimilar weld 


ture-stress cycles a 


can withstand without eracking. How 
ever, sealing of the 2! 

CriMo steel raised doubts asx to the 
applicability of the results, and future 
testing was, therefore, generally con 
fined to 1100° F. 


Postweld Heat Treatment 

To investigate the possible beneficial! 
effect of postweld heat treatment on a 
dissimilar weld, a specimen containing 
rONi Ch weld was heated to 1350 
F for | br and furnace cooled immedi 
ately after welding prior to testing 
This treatment should minimize the 
air-hardening effect resulting from ovat 
tensite formation during welding and 
should also reduce the magnitude of 
residual welding stresses. This speci 
men, shown in Fig. 6, fractured after 
and 2541 


unestress 


CXCOBBIVE 


137 temperature-stress cvcles 
he at 1100°) BP, 
relieved specimens under similar con 


whereas 


ditions displayed only crack formation 
showing that post weld heat treatment 
did not give an improvement (compare 
Specunens | and 9 in Table 1). The 
lack of carbides in the fracture zon 
reveals that considerable carbon migra- 
tion has oceurred from the 2'/, CriMe 
material adjacent to the weld interface 
because of the high annealing tempers 
ture 

The test results obtained in the study 
of the factors affecting dissimilar weld 
cracking are summarized in Table | 


The Thermal-Cycling Tension Test 

It is evident from the results obtained 
from these tensile specimens containing 
Ch that dissimilar 
weld failures are 
differential thermal expansion stresses 
combined with sufficient time at ele 
vated temperature for oxidation, stress 


welds 


eoused by evel 


relaxation and metallurgical deteriora- 
tion to occur and that both conditions 
are necessary to duplicate the cracking 
produced by the simulated service test 
with a full-size steam pipe. It is also 
evident that any variation in tempera- 
ture, number of cycles or holding time 
between cycles can have a very appreci 
able effect on the life of a dissimilar 
weld, Since these factors could be con 
trolled the 
test on tensile specimens contaming 
dissimilar welds appeared to be a suit- 
able and relatively ine pensive method 
of evaluating dissimilar weld behavior 
this method of testing gave 


thermal-cyeling tension 


Moreover 
results which, with some measure of 
confidence, could be translated into 
actual service conditions The speci 
men preparation and the test apparatus 
employed in the subsequently described 


evaluation of protective weld features 


were follow 
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Fig. 10 Dissimilar weld junction protected with 8BONi20Cr weld overlay after 
thermal cycling. X 100. (Reduced by '/, upon reproduction) 
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also tested The results of then 
tests are stunmarized in Table 2 
briefly, they that typical dix 
similar weld cracking will occur without 


were 
indicate 
externally applied stresses if the spec 


How- 
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the 


crack specimens contaming some of the 


ever number of « 


protective features became prohibitive 
and the 
This type of test points out clearl 
the applied 
thermal-« test 
definite accelerating effect in producing 


discontinued 
that 
the 
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specimens were 


external stresses in 


cling tension 


dissimilar weld cracking 
Evaluation of a Composite 
Dissimilar-Metals Connection 
lerrithe 


connections 
joing steels 
were obtained during the course of the 
These 


tions had been developed abroad and 


Several composite 


austenitic and 


present investigation 
were believed to resist thermal cycling 
because of the geometry of the dissimilar 
This joint 
was made by forge welding two disks 
of and Cb steels 
together and flowing the joint into tubu- 
Th 
clongated 
over a distance of about 7 to S in, in 
the center of the wall of the resulting 
tubing, as shown in Fig. S 
weld junction parallel to the tube wall 
and the action at the weld 
interface produced by the more highly 


weld interface reported!) 


lar form by a sinking operation 


weld junetion was thereby 


This long 


expanded austenitic metal on the inner 
to bn 
able to accommodate the high thermal- 
expansion without disintegra- 
tion of the weld interface 

Two tubular specimens of this type 
(Specimens IT and 2T in Table 5) were 
stressed longitudinally to 2600 psi with 


tube surface had been thought 


stresses 


internal pressure and were thermally 
from 
1100° F to room temperature at a rate 


cycled in an electric furnace 
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of one eyele per day. 


The first specimen 


developed cracks at the dissimilar inter- 


face in 114 eyeles and 1767 hi 


Wiis 


by 


at 1100" 
In the second specimen cracking 
found at interface 
metallurgical examination after the 


the dissimilar 


specimen had received 306 cycles and a 


total 


of 6000 br at 1100° FF. This 


eracking is illustrated in Fig. 8 


In view of the present results, 


this 


composite joint does not appear to be 


significantly 


more resistant to thermal 


eveling than standard dissimilar welds 


with IS-S electrodes. 


ype 


Another version of the first two speci- 
mens, containing a thin dissimilar weld 


interface layer of nickel, 


is now under- 


going test, 


Protective Weld Features 


sponsible for dissimilar 


The foregoing study 
factors thought to be principally 


of the various 
re- 


weld failures 


guided the test program for developing 


satisfactory 


weld along three main 


channels, namely : 


aut 


highly 


The prevention of oxygen attack 
the weld interface by covering this 


stressed zone with an oxygen 


it 


use of low-carbon ferritic 


weld metal which lessens carbon migra- 


tion and has been used successfully 
attaching austenitic alloy 


hanger lugs 


to ferritic superheater tubing 


3. A 
eX pansion 
junetion 


of 
ut 
utilizing 


the differential 
the dissimilar 
a weld metal 


reduction 
stresses 


by 


with a coefficient of thermal expansion 
approaching that of the ferritic base 


metal. 


Oxygen Barriers 


The observation that dissimilar weld 
cracking 
stress-oxidation 
always 


was usually initiated by 
notch and occurred 


less-oxidation-resistant 


in the 


ferritic steel adjacent to the weld inter- 
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face suggested the possibility that 
covering the surface at the dissimilar 
weld interface with 
sistant material (oxygen barrier) would 
retard or prevent oxygen attack at the 
highly stressed dissimilar weld interface 
and thereby its life 
Accordingly, 0.505-in.-diam tensile speci- 
mens containing a 19Cr9Ni- Cb weld 
2'/,CriMo and I8Cr8Ni- Cb 
and protected by pack calorizing, dense 
chrome plating and oxidation-resistant 


an oxidation-re- 


increase service 


between 


weld overlays with a coefficient of ther- 
similar to that of the 

(12Cr, SONi20C: 
the thermal-eveling 


mal expansion 
ferritic metal 
tested with 
tension test. 


base 


were 


The results of these tests, summarized 
in Table 3, that 
chrome plating protect the dissimilar 
weld junction as long as the coatings 
adhere and are intact, but that the 
eyelic nature of the test and the varia- 
tions in thermal expansion eventually 
after which 
failure occurs in the usual manner 


show calorizing and 


cause the coatings to crack 

The specimen protected by a 12Cr 
weld overlay (Specimen 15, Table 3) 
was examined after 5416-hr exposure 
at 1100° F, involving 345 temperature- 
stress cycles, and was found to contain 
many small cracks in the 2'/,CriMo 
base metal at the overlay 
well as in the 12Cr weld deposit at the 
junction with the 19Cr0Ni- Cb 
metal. The weld interface between the 
2'/ Mo base metaland the 19Cr9Ni 
Cb weld metal had completely disinte- 
grated, as shown in Fig. 9 

The weld 
SONi20Cr electrodes (Specimen 16 
Table 3) withstood 5000 hr at 
1100° F, involving 308 temperature- 
stress cycles without notch or crack 
formation at the weld overlay-base meta! 
junction or at the protected junc- 
tion (see Fig. 10). this weld 


junction 


is 


weld 


overlay deposited with 


over 


Since 
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overla complet protected the wel 


during the test, it 
probabl be used as 


junction could 


a method of emer- 


geney repal The fact that this 
overlay is a high chrome-nickel austen 
itic allov witl high oxidation resistance 


wt that its coefficient 
intermediate 


and the further 
of expansion is 
the ferritic and austenitic bas 
probably accounts for the fa 
thermal-fatigue Other aus- 
tenitic alloys with similar characteristics 


hetwee! 
metals 
vorable 
behavior 
would probabl also bn successiul as 


oxygen barriers. 


Ferritic Welds 

During the earl part of this investi 
Manufacturing Division 
that 


hetween low- 


gation, the 
of our Company demonstrated * 


sound welds can be made 
alloys and ferriti 


electrodes 


carbon austeniti 


steels with low-carbon ferritiv 


covered with a lime-ferritic-ty pe coating 


Their tests with a thermal-cycling ap- 
paratus showed that low-carbon 2'/¢- 
CriMo (0.038% carbon) electrodes were 


r20Ni elec- 
austeniti 


superior to austenitic 25¢ 


trodes in welding hanger 


lugs to ferritic superheater tubes 
Other tests on an elevated-ts mperature 
rotating-beam fatigue machine indi- 
cated that tubular specimens containing 
dissimilar welds made with a low-carbon, 
0.69% moly 
a much higher fatigue life than similar 
welded with 19Cr9Ni-— Cb 
weld metal As a result of these tests 
0.6 Mo electrodes were 


used for dissimilar welds in 


bdenum weld electrode had 
specimens 


subseque ntly 
uperheater 
construction 

after the 
thermal-eveling tension test had pointed 
out that 
between cyt 


Later in the test program 


holding time at temperature 


es Was an unportant factor 


in producing dissimilar-weld cracking 


several specimens containing ferritically 


welded joints wer 
termine ther 
at 1100° 
test. The 
marized in 


wepared to de 
resistance to cracking 
in the thermal-cycling tension 
results of these testes 

Table 3 and illustrated by 
Fig. 11, demonstrated that these fer- 
ritically welded joints suffered charac 
teristic 
low-alloy weld metal adjacent to junc- 
tion with the 
Due to the pre 
eulty of determining 
the depth of the 
thermal cycles 


dissimilar-weld cracking in the 
austenitic base metal 
mentioned diffi- 
crack imitiation 


\ iousls 


observed crack und 
iried 
but none of the fer- 
welded joints r¢ iched a eyely 
5OOO hr at 1100° 


the associated 
within wide limite 
ritically 
test duration of 
without cracking 

In parallel with these cycling tensile 
tests, two ferritically-welded 0.6 Mo 
tubular from 2'/-in 
OD x 0.25-in.-wall tubing of 2'/,Crl Mo 
and 18Cr8Ni-— Ti were cycled to 1100 
F under internal pressure in the tubular 
stress-rupture 
mens completed the 


specimens made 


apparatus.® speci- 
5OOO hr at test 
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7T2Ni-14/17Cr 
WELD METAL 


i8CrBNi~T ix 


Austenitic- austenitic junction 
(x 100) 
302 cycles 


1100 


7T2Ni- 


14/17Cr 
WELD METAL 


24criMosTi 


Austenitic-ferritic junction 


(X 250) 
F 5133 be 


Fig. 13  Dissimilar weld junction made with R-48 Inconel (72Ni — 14/17Cr) 


electrodes after thermal-stress cycling. 


temperature without apparent diff 
i] eXamina 
tion again revealed that both 
had de characteristic dissimilar 
weld cracks during the test, as 
in Fig. 11 These results are 
rized in Table 5 

The test 
of the ferritic welds in 
under eyeli 


cult however, metallur 
weld 
eloped 
shown 


that 
supe rheaters 


results imdicate 


sone 


operating conditions ut 


metal temperature of L100 I ma 
eventually develop cracks however 
those welds operating unde! less severé 
conditions should attain a reasonable 
service life as variations in the arious 
factors producing dissimilar-weld crack 
ing have a very significant effect on the 
life of a dissimilar weld 

Also investigated was a flash (butt 
weld of 9CriMo to ISCr8Ni- Cb with 


the thought in mind that the broader 


fusion zone and greater oxidation re 


istance of the higher chronaium tee! 
might improve the thermal-cvcling 
life. This specimen (Specimen 24 
Table 3) ruptured completel ifter 


5ONi10Cr-CbTa 
WELD METAL 


‘Ferritic austenitic junction 
(X 100) 
252 cycles 


(Reduced by 


1100 


, upon reproduction) 


21S temperature-stress cycles and 4089 
hr at 1100° F, with the crack propagat 
rl 
transition 


ing through the ferritic material 
idjacent to the wide 
though this material was 
istant than the 2? ‘ 
iaterial used in previous spec) 
flash weld of OC'riMo 
to ISC'rSNi (‘hb Wa nat 
for this type of ser 


even 
more oxidation re 
('riMon 
Phu i 


satistaectory 


Welds with Coefficient of Expansion Similar 
to That of Ferritic Steels 


differential thermal 


expansion stre j the 


Since the eyeli 
predominant 
propagating 


dissimitiar-weld cracking the low- 


producing the 


oxidation-resistant ferritic base metal 
consideration Wa yiven early in this 
mvestigation to lowermg of entirely 


removing the differential 
tresses Ire 


expansion 


wn the ferritic-austenitie weld 


itertace This could be accomplished 
joing the iustenitic apd ferntie 
base metal vitl in austenitic weld 


metal having high oxidation resistance 


and coethe ent of 


eApAnsion similar 


; 
Austenitic- austenitic junction 

(x 100) 


F 4996 ber 


Fig. 14 Dissimilar weld from tubular specimen made with S5ONi]OCr~ CbTa 
electrodes after pressure and temperature cycling 
reproduction) 
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Welds 


(Reduced by ‘/, upon 
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WELD METAL 


WELD METAL” 


T2Ni~14/17Cr 
WELD METAL 


Austenitic- austenitic junction Austenitic-ferritic junction 
(x 100) (x 100) 
273 cycles 1100° F 5003 hr 


Fig. 15 Dissimilar weld from tubular specimen made with BP-65 Inconel (72Ni — 
14/17Cr) electrodes after pressure and temperature cycling. 


upon reproduction) 


1000 
i f 4 4 
| 24) | | 
| } 
Creep strength, psi, for 0.1%/1000 hr at 
1100" F 
20CrB0ONi (3) 8,000 
Me (1) 9,200 
Inconel (72Ni ~ 14/17Cr) (2) 12,000 
18Crl 2Ni Cb (1) 23,000 
25Cr20Ni (1) 23,000 


(1) 
(2) Hot rolled, annealed (inco Tech. Bull. T-7). 
(3) 
Stee! inst, 137, (1938). 
(4) Babcock & Wilcox Co. data, 


(Reduced by | , 


| 
, 
+ 
4 
j 


Stress for rupture, psi, in 10,000 hr at 1100° 


2'/.Cr\ Mo (1) 


25Cr20Ni Weld M, (4) 


Inconel (72Ni ~ 14/17Cr) (2) 
19Cr9Ni — Cb Weld M. (4) 


5ONi10Cr CbTa (4) 


18Crl 2Ni Cb (1) 


Tubing stock, annealed (Babcock & Wilcox Co. data). 


10,000 
14,500 
15,200 
23,700 
28,000 
28,340 


Fig. 16 Creep and stress-rupture properties of some pertinent materials 


F 


Hydrogen-annealed at 1740" F (Natl. Bur. of Standards Circular C447, p. 363, and Jnl. Iron & 


Table 6—Thermal Expansion Data for Pertinent Alloys, Room Temperature to 
1100°F* 


Material 
2'/,CriMo tubing (1700° P/F. C.) 
2'/,CriMo~— Ti wrought (1700° F 


slow F.C.) 


Low-C 2'/,CriMo weld metal (2 hr 1350° F/ F.C.) 


12C'r-weld metal (as-welded ) 
Cb tubing (2000° F/W) 
I8C'r12Ni— Ti tubing (2000° F/W) 
Cb weld metal (as-welded 
25C' r20Ni weld metal (as-welded ) 
SON i20Cr weld metal (as-welded 
Inconel 132 weld metal (as-welded } 
wrought (2000° F/W) 
SONiLOCr weld metal (as-welded 
SON 


CbT a weld metal (as-welded 


Vean coe fhic rent of 
linear er pansion 


nm 


x 


7.67 


‘ 
7 46 
7 


* From tests made in the authors’ laboratory 
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to that of the ferritic base metal or 
intermediate between those of the aus- 
tenitic and ferritic base metals involved 
A weld of this type would not completely 
eliminate the high differential expansion 
stresses but would transpose them from 
the low-oxidation-resistant ferritic-aus- 
tenitic junction to the austenitic- 
austenitic junction where the 
oxidation resistance and the high creep- 
rupture strengths of the austenitic 
steels are better able to withstand tem- 


high 


perature and stress cycles. 
A survey of the commercially avail- 
able electrodes revealed that there wer 


only three which possessed the desired 


characteristics—an SONi20Cr type, an 
Inconel 132(75Ni15Cr) type and a 
25C r20Ni type electrode. The latter 


was eliminated from consideration be- 
cause of the inadequate service behavior 
of dissimilar welds made with this elec 
Shop experience and laboratory 
with SONi20Cr 
Inconel 142 type electrodes re- 
vealed that these electrodes did 
deposit sound weld metal free from gas 
fissuring. They were 
considered — satisfactory 


trode. 
tests 
and 


on welds made 


not 


porosity and 
therefore not 
for welding pressure parts in’ boilers 
At this time, the manufacturers of these 
types of electrodes were contacted for 


their latest developments, but they 
were not able to supply an electrode 
meeting the requirements for weld 


metal soundness 

It was then decided to investigate the 
possibility of developing an austenitic 
electrode with a lower nickel content 
which would deposit sound weld metal 
having an expansion coefficient similar 
to that of the 2'/,CriMo base metal 
For this purpose, a series 
of Cr-Ni-Fe alloys at fixed chromium 
and varying nickel levels were prepared 
and their expansion characteristics de- 
termined. One of these experimental 
alloys, a SONI10Cr40Fe composition, 
displayed a coefficient of 
between room temperature and 1L00° F 
close to that of the 2' ,CriMo steel 
This 50Ni10Cr alloy was subsequently 
modified with a CbTa addition and 
developed into a covered welding elec- 
trode which displayed very satisfactory 
welding characteristics and deposited 
sound weld metal free from defects 
The CbTa addition raised the expansion 
weld metal some- 


systematic 


expansion 


characteristics of the 
subsequent 


what, but as experience 
showed, not significantly, and it also 
improved the creep-rupture strength 


at 1100° F so that it became equal to 
that of the ISCrSNi- Cb (Type 34s) 
tubing material (see Table 6 and Fig 
16). 

The thermal-cycling behavior of welds 
between 2'/,Crl1Mo and ISCrSNi-~ Cb 
or I8SCrSNi-— Ti made with this eleec- 
trode was then thoroughly explored with 
the thermal-cycling tension test, using 
0.505 tensile specimens. When, in the 
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f i 
aol } 
| BE 
64 
10 18 10 35 
10 26-10 3) 
0 77-10 06 
0 51-0 84 
6 
OR-S 33 
7.43 
7 05 
) B 22-8 30 
OR 


course ot 


investigation, unproved 
versions ol Inconel 132. electrode 
became availabl Inconel] 
Ineonel BP 5 re also included 
in the test prog 

In the initial 
at 1100° F under f 2600 ps 
for 5000 hr. involving proxim AW) 
eveles, the 
HON LOM 
electrodes 
1) found free of detects at both the 


ferritic-austenith ind thy 


conducted 


ind the 
Specimens and: § 
iustenitic- 


austenitic weld 


junction shown tn 
Fig. 12 and Fig. 13 It was therefore 
decided to n the test severer b 
raising the test temperature from 1100 
to 1200° F to obtain a 
the two ty f 
tested at this higher 
temperature, Le. three 
with 5O0Ni10Cr-CbTa electrodes 
Fable 4 

with a further improved Ineonel elec 
trode (Specimen 38, Table 4 

as Inconel BP 65 The R 
electrode was not tested further because 


Of 


electrodes out 
weldments wer 
veldments made 
Speci 


mens 25, 26, and 30 


ind on 
designated 
Inconel 


of weld metal porosity observed in the 
preceding welds, notwithstanding the 
fact that it had successfully withstood 
the 5000-hr test at 1100° | In these 
tests at 1200° FP, one of the SONILOGC: 
CbTa_ weld 
after 5000 hours 
to contain onl i shallow 

notch the 


Sspecunens Wis examined 
and when it was found 
broad, V 

ferrite 
austenitic weld junction, the tests at 
1200° F on the other two JONILOC! 
CbTa weldments and on the Inconel 
BP-65 weldment were continued bevond 
5000 hr. Under these conditions. the 
Inconel BP-65 we ld specimen Trac tured 
after 5330 hr and 28S evecles ind of the 
two remaining CbhTa weld 
fractured after 7056 hr 
ind the other after 6228 hi 

Chis showed that both 
withstood 
than 
BP-H5 


in the Inconel 


shaped oxic 


Spechnens, Oe 
and 388 cycles 
and 362 cycles 
approximately 30°, 
the second 
weldment. The failure 
BP 65 specimen Was 
ritic-austenitic fusion zone, whereas the 
fracture of the two 5SONIiLOCr  CbhTa 
weldments had oecurred about 6 in 

(CriMo base metal 
effort to determine the 
relative merits of the 5ONiIOCr-CbhTa 
and the BP-65 electrodes 


dissimilar weld 0.505 tensils specimens 


ChTa specimen 
more cycles 
improved Inconel 


located in the fer 


away trom the inter 
face in the 2 


In a further 
Ineonel 
prepared with them were again sub 
jected to the « 
1100° 

1.¢., 11,000 and 13.500 pei respects ely 
Under these conditions, both types of 
weldments fractured on the 
austenitic junction side, the SONiL0C: 
CbTa weldment again showing a better 
than the BP-65 
both 13.500 


cling tension test at 


but under much higher stresses 


ferritie- 


Inconel 
11.000 and 


eyele life 
weldment at 
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Ferritic-austenitic junction 


(x 100) 


539 cycles 1100 


Fig. 17 Dissimilar weld junction made with 5ONi1]0Cr 
539 temperature-stress cycles with 10,000 hr at 1100 F 
upon reproduction) 


ited by the following 


psi stress, as inc 
test data 


5ONi10Cr-CbTa 
WELD METAL 


\8CrBNi-Cb 


Austenitic-austenitic junction 
(Xx 100) 
F 10,000 hv 


CbTa electrodes after 
(Reduced by 


continued to 


Weld meta 
CbTa 
Inconel 
ON ChT a 


at 

nperature hy 
OOM) 
2400 
O00 


1,500 


In parallel with these tests, another 
imitiar weldments made with 


CbTa and Inconel BP 


mens 20 and 39 


pair of di 
the SON 
65 electrodes (Spe 
Table 4) were 


tensile 


wain in form of O.505 
ubjected to dail 
2000 psi for a total duration of 10,000 
hit At this time, on the 5ONiLOCs 
completed its 


specimen 


cling under 


( weld specimen hia 
10,0000 hr 
“tress 
been found free of defect 


involving 539 temperature 
dination hie 
it both 

junctions «as sl nin Fig. 17. The 
weldment made with the Inconel BP-65 
electrode has passed 6000 hr and is still 


cles and upon ex 


under test e data are summarized 


As a final « 
trode two pairs of dissimilar 
ith them were tested 


iiuation of the 


ments prepared w 


in tubular form, using 2 in. OD 
().28-in.-wall 
tubing of rlMo and ISCrSNi Ti 


commercial uperhe iter 
respects ely 5 The Speci 
daily eyeled from 1100° J 


tubular 


mens wer 
to room temperature in’ the 
rupture apparatus to give the 
weld 1 test 


heater servi condition One pay 


under uper 
ol specimens pecumens OT and ST 
Table 5 is examined after SOOO hi 


nvolving 252 and 273 ecyel 


tivel) soth t 


found to be free defec 4 
hig 14 and 5 The texte on the 


respec 
weldments were 


shown in 
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Conclusions 
Che present results permit the follow 
eon 
The thermal-cycling tension test 
indication of dissimilas 
piping 
ol temperature 


in tubing and 
condition 
un plant service 

d Satisfactory welds hetween 2! ‘ 
CriMo and ISCrSNi- Ch capable of 
Withstanding evelie conditions of tem 


perature and stre can be made by 
eliminating the high thermal-expansion 
tresse ot the 
tion it 
vhich ox 
and f i i coctheient ol thermal 


ferriticentstenitic june 
tenitic weld metal 
idation resistant 


electrods SON 
in Inconel electrode 
equall itistuctory 
J However the 
er the Inconel 


newly 
electrode 
wivantages o 
ectrode, name lower nickel 
content, a notabl 
trength at 1100° | 
ince to thermal 
ibove Phe 
electra Ww ent) 
restricted nickel 


higher creep-rupture 
ind a higher resist- 
ing at Lomperatires 
ChTa 
available 
location 
j Phe relative low thermal es 
pansion austenitic weld metal transfers 


the high thermal-expansion stresses 


539-8 


end 
hy 
len perature 
| 
1100 | 
BP-65 Inconel 1100 
ritie mat 
Two 
Ai 
if 


from the ferritie-austenitic to the aus- teste and could possibly be used for Co. Research Center, who has de- 
tenitic-austenitic junction, where the emergency repairs. veloped the coating for the 5O0Ni10Cr 

austenitic steeia with high etection of dissimilar-weld crack- ‘bTa electrode. 
tw tenit tee] th th high 6. Detect fd | Id k CbTa electrod 
oxidation resistance and high creep- Ing by the usual nondestructive inspec- Bibliography 
rupture strength are better able to tion methods is very difficult and 1. Blaser, R. U., Eberle, F., and Tucker 
withetand the eyeclic conditions of the inspection resulta are very erratic Full-bise Steam Piping.” Proc “ASTM, 50,780 
stress and temperature without deterior- because of the tendency of the crack 808 “Cree B 
ation to be very tightly packed with oxide Main Joints 
5. All of the oxynen barriers were and thus esc ape detection. Therefore, Trans. ASME. 71, 643-604 “0-77 ana a. 
; the only positive way of detecting these 3. Stewart, W. C., and Schreitz, W. G., “Ther 
unsatisfactory in preventing dissimilar feliuees Gatly is by tiesescoplc ox mal Shock and Other Comparison Tests of Aus 
» tenitic and Ferritic Steels for Main Steam Pi 
wking at the ferritic-austeniti amination of samples removed from the ing, N.C. ¢ 
junction, except austenitie-weld over dissimilar weld junction J. L., and Wylie, R. D., “Some Considerations in 
lays with coefhicient of expansion the Metals for High-Tem 
perature, High-Pressure Service,’ ASTM 
similar to that of the ferritic steels Acknowledgment 50, 809-860 (1950) sala 
ye 5. Kooistra, L. F., Blaser, R. U., and Tucker 
These weld overlays protec ted the dis- Acknow ledgment is herewith made to z 1 ye Om. Temperature Stress-Rupture 
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ISOTHERMAL STUDIES ON THE 
WELD-METAL MICROCRACKING OF 
ARC WELDS IN MILD STEEL 


Temperature-dependence of time required to achieve isothermal immunization 
against weld-metal microcracking and reasonableness of the hydrogen-retained 


austenite hypothesis are studied through laboratory investigation 
BY A. E. FLANIGAN AND Z. P. SAPERSTEIN 


ABSTRACT. In the case of E6010 the occurrence of fine-scale fissuring in racking will occur, Presumably, suffi- 
welds on A2S85-C plate, an sttempt was 
made to determine the temperature- 
depend nee ol the time req ured tor 
isothermal immunization against weld since the fissures are ordinarily so small ‘ | understood) process which 


the weld metal The term “micro slow cooling permits the oceur- 


cracking” has sometimes been employed " of some favorable (but as vet im 


metal microcracking Immediately after that theur detection requires eareful \ } ld immune to cracking 
welding, small specimens were subjected to microscopic examination. There is rea OCESS fulfilled before attain- 
isothermal treatments it temperatures y 
from 1700 to 212° F. They were then 508 to suspect that this type of defect ment of the low temperature at which 
quen¢ hed in room-temperature water occurs rather we lding might suspect 
to evaluate their resistance to cracking practice, especial! whe Work \ w nature of the postu- 
Phe time required for immunization was 


found to have a maximum value in the , | 
the presence of ks in weld metal is ivarog vould occur more 


welded without preheating Since | ( ivorabl roe ay, the escape 


case of specimens treated at 875° Ff : : 
the range from 750 to 212 Fk the im generally undesirable, the subject would read the higher the Lemperature 


munization times were surprisingly short seem to be one of some practical um Why is it, then, that in practice it is the 


and appeared to bn nearly independent of portances eld’s cooling rate in the low-te mperature 
temperature The latter observation is It | 

in agreement with indications that in -_ : 
practice it is the cooling rate at rather low microcracking Oc¢ In practice when so critical’ i byviou possibility is 


been iown that weld-metal range Which is ordinaril found to be 


temperatures which is ordinarily decisive the cooling weld 1 illowed to pases too that under ha conditions the 
in determining whether or not cracking rapidly through the low-temperature cooling weld tt es the higher tem 
will oceur 

Few, if any, cracks were found in speci 
mens which were quenched in water im Is 


range following deposition, 1.@., when it perature al that there iw not 
illowed to cool too rapid! through ufficien nie oO permit the fulfill 


mediately following welding This find the range extending from several hun ment « th je process at these 

ing, together with some of the isothermal d degrees Fahrenheit to atmospheri mperature e cooling of the weld 
ts suggests that susceptibilit Wiis 

data ig ha usceptl aut Nit temperature It } 

absent initially but tended to deve lop in a , 

if that microcracking can be prevented by passage yt e |e r tempera 


been shown also ril much slower during 


temperature range somewhat below A 
cooling in that range was sufficiently mean which insure that Passage } if pre is to occur 
The experimental data were used to test through the low-temperature range is stall. it n he forced to do so in the 
he ressonabieness ot he hydroget not too rapid Prehe iting is effective er range of course, necessar’ 
retained austenite hypothesis concerning ;, 
the mechanism of weld-metal microerac in thi regard It has been show i © pros w fulfilled before the 
ing (Jualitative \ the h pothesis ip moreover, that prevention favored by mip itur ter , is reached 
peared to be compatible with the data hie of low-hvdrogen electrodes one ay ) ‘ wove picture he 
quantitatiy eck not se bl 
A quantitative check did not seem feasible when thawe the phe 
however, and was not attempted 
to agree th leading role is , en ng might not be 


ed by hydrog hich is dissol ne erperature whatso 


1. Introduction y the molten © during deposition er during cooling if only sufficient 
Recently attention has been devoted to It has also been suggested that dissolved rie uilsatole (dive wondet 


the phenomenon of weld-metal micro gen may | r of importance ‘ required Wnmnunigzation 


use of obviot sunilarities in be 
cracking in the are welding of mild ‘ , t temperature 
ppeared to many that j erned vex 
atee| and i number ol observations ha } it an invest 
have been described in the literature il lesugned primarily t 
better-known un ! 4 cae Questions. It 


In addition, at least three reve 

the subject have been published derbead cracking of welds and to the — deseribes the behaviors of welds which 
flaking rails and other ver ibjected isothermal treatments 
ot-worked products 

Alan E. Flanigan is Profesor of Engineering and As has been stated above, it appears 

the Universit California, Low Angel it’ the cooling rats following welding 


The phenomenon is concern 


Much of this material was preset 
1954 AWS National Fall Meeti: 
November | to 5 


ordinarily decisive in determining 
vhether or not weld-metal miucro- 


NOVEMBER 1956 Flanigan Saperstein Weld Metal wrocracl 


| 
| 
st the ‘ Hemeareh 
eld in (hieago snd f the Welding He h Council of the 
bngine ja 


at 1) temperatures from 1700 to 212° | 
uamediately after the completion of 
welding 
that immunity to subsequent cracking 
attained with sufficienth 
long exposure at most of the tempers 
tures in this range. Moreover 
deal was learned about the temperature 


As will be seen, it was found 
could be 
good 
dependence of the time required for 
isothermal immunization and it became 
clear why in practice it is ordinarily 
the cooling rate in the low-temperature 
range which is critical. 

It was hoped that, in addition to 
answering the above questions, the 
investigation might shed 
light on the mechanism of microcracking 
and on the above- 
mentioned “favorable process’ which 
must oceur during cooling if cracking is 
to be forestalled. Although some illu- 
mination was perhaps obtained, it 
must be admitted that important as- 
pects of the mechanism remain obscure 
In particular, it was hoped that the 
data could be used to test the merits 
of the “hydrogen-retained austenite” 
hypothesis which, in various forms, has 


new 


nature of the 


been suggested by several writers as a 
likely explanation for weld-metal micro- 
cracking and which has been used also 
to account for the phenomena of under- 
bead cracking and flaking. In general, 
it would appear that the data are con- 
sistent with this hypothesis. (Perhaps 
it would be safer to say that no fatal 
contradictions are as yet apparent.) 
By no means, however, can it be said 
that the hypothesis has been proved or 
that other explanations may not even- 
tually prove superior 

Of the observations to be related per- 
haps the most interesting (and most 
surprising) are those which suggest the 
occurrence of a brief period of inereas- 
ing susceptibility, instead of a mono- 
tonic trend toward immunization, dur- 
ing the early stages of cooling. Such 
observations include those concerned 
with the unexpectedly high resistance 
to microcracking exhibited by welds 
which were quenched to room tempera- 
ture immediately after welding. To 
the authors’ knowledge, similar observa- 
tions have not been reported in the 
literature on weld-metal cracking or in 
that on flaking These observations 
would seem to have interesting implica- 
tions with regard to the mechanism 
of weld-metal microcracking. Perhaps 
the implications will prove to apply to 
the case of flaking as well. 


2. The Specimen and Welding 
Conditions 

Bead-on-plate welds were deposited 
manually with AWS-ASTM E6010 
electrodes on ASTM A285-C plate of 
firebox quality. The plate was ob- 
tained from the same heat which had 
been used previously in this laboratory 
microcracking.“* The 
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Fig. | 


The specimen 


chemical analysis of the plate was as 
follows: 0.19% C, 0.33% Mn, 0.07% 8i 
0.038% 8, and 0.015% PP. (No attempt 
was made to detect or measure other 
elements.) 

For the following reasons it was con- 
sidered desirable to employ a specimen 
of small size. 

(a) It was desired that the mid- 
length portion of the weld (the region 
to be studied) be at a temperature no 
lower than A, upon the completion of 
welding. The basis for this desire lay 
in the hope that the decomposition of 
austenite could be delayed until iso- 
thermal treatment had been started 

(b) It was desired to minimize the 
time required for the specimen to 
attain the temperature of the isothermal 
bath into which it would be quenched 
after welding. 

Figure | shows the 2- x Il- x */y-in. 
specimen which was selected. The 
2-in. length was considered to be the 
shortest consistent with the desire to 
retain a l-in. length of weld metal after 
discarding the crater portion and the 
first '/, in. of the weld. The J-in. width 
was considered to be about the least 
consistent with the desire to produce a 
weld of normal contour. The *4/,-in. 
thickness of the specimen was dictated 
by the thickness of the plate which was 
to be employed, It is, perhaps, of 
interest to note that the specimen 
dimensions are precisely those employed 
by Wooding in his study of the in- 
fluence of isothermal treatment on the 
underbead cracking tendencies of a 
nickel-chromium-molybdenum steel! 

Before welding, the mill scale was 
ground away from the specimen along 
the path of the weld. A bead-on-plate 
weld was then deposited manually along 
the major centerline as shown in Fig. 1. 
A popular brand of E6010 
electrode was employed at 25. volts 
with a current of 175 amp. The are 
speed was 7.7 ipm, corresponding to a 
welding time of about 15 sec per speci- 
men. Within 1'/, see after the com- 
pletion of welding, the specimen was 
quenched into an appropriate isother- 
mal bath. Analysis of the weld metal 
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at midlength disclosed the following 
composition: 0.08% C, 0.53% Mn, 
0.09% Si, 0.030% 8, 0.02207 P, 0.04¢ 
Ni, 0.02% Cr, 0.005% V, 0.005% Mo 
O11% Cu, 0.024% Co, 0.01% Sn 
0.02% Ti, 0.025% N. 

Because of the small width of the 
the ratio of heat imput to 
volume was considerably greater than 


specimen 
is ordinarily encountered in welding 
practice. Consequently, when allowed 
to cool in still air following welding 
the specimen tended to cool more 
slowly than would usually be the case in 
In a number of cases the 


actual cooling curves were determined 


practice 


by means of thermocouples which were 
placed in the molten weld metal at 
midlength during deposition. Individ- 
ual curves for a set of 22 air-cooled 
specimens yielded mid-length tempera- 
tures ranging from 1750 to 1100° F at 
the instant of completion. The averags 
value for these specimens was 1440° F 
As stated earlier, it was desired that 
the mid-length temperature be at or 
above A, at the completion of welding 
The considerable variation in the 
measured temperatures 
spite of all efforts to control the welding 
variables. Perhaps it is responsible 
in part, for the seattering of results 
obtained in some of the tests 


occurred it 


3. The Detection of Microcracks 


After welding, the specimens were 
subjected to a variety of treatments and 
were then sectioned and examined for 
the occurrence of microcracking. Sec- 
tioning was done in the longitudinal 
plane of svmmetry (see Fig. 2). After 
sawing, this plane was polished elec 
trolytically in a solution of CrO, in 
acetic acid.* Electrolytic polishing is 
believed to be more effective than 
ordinary polishing as «a 
method of revealing weld-metal micro- 
cracks,® 7, 

Following 
subsequent etching), the central 1-in 
length of the weld metal from each 
specimen was subjected to a careful 
microscopic examination at 200 
The crack-like markings were counted 
carefully during this examination. In 
some cases (dependent on prior treat 


mechanical 


polishing (and without 


ment), no such indications were found 
At the other extreme, hundreds were 
observed in a single specimen. Figure 
3, illustrating the latter case, shows a 


portion of a specimen in which an un- 


* The usual polishing procedure consisted of 
several steps First, the specimen was subjected 
to a low-grade mechanical polish followed | a 
nital eteh Phe etched surface was then removed 
by a second mechanical polish This was fol 
lowed by electrolytic polishing It was thought 
originally that use of the intermediate etch might 
tend to accentuate the indications of cracking 
Perhaps the etchant would seep into cracks to a 
depth that would not be affected by the sutre« 
quent repolishing Experience indicated, how 
ever, that the final appearance of a specimen pre 
pared in this manner differed little, if any, from 


the appearance of one not accorded the inter 
mediate etch 
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number of  erack-like 


usually large 
markings was counted 

Counting was made difficult by the 
fact that after treat- 


ment some ol markings 


certain types ot 
the crack-like 


were exceedingly small Jecause of an 
initial 


nificance of the 


uncertainty concerning the sig- 


smaller ones, it was 

decided to divide the marks into two 

groups as follows 
Class A”’ those 
greater than 
0.013 mm) 
Class 2B’ those having a length less 
than about 0.0005 in 

While it was 


having a length 


about O.0005 in 


to recognize and 
count the markings of Class A rather 
those of Class B presented 
difficulty because of their small size 

At first it was felt that 
be no significance to the 


possible 
easily, 
there might 
marks of 


rather 
vague and it seemed possible that similar 


Class B since many of them were 
markings might be typical of even the 
soundest welds 
ent, however, that they were found onl 
alter particular 
while after other types they 
tematically absent 


It soon became appar 
types of treatment 
were 
shows an assortment of 
Class A and Class B markings in a 
specimen) which both types 
The arbitrary nature of the distinetion 


Figure 4 


exhibited 


hetween the larger members of Class 
B and the smaller members of Class A 
is apparent in this figure Figure 3 
ilso exhibits both types 


ven the markings of 


conside rably 


In most cases, « 


(lass A were than 


those which had been encountered in 
this laboratory in earlier work based on 
larger welds and other types of post 
welding treatment. In the earlier 


work the markings had exhibited 
lengths of the order of O.OL in. and it 
had shown that the 

represented cracks in the weld 
It had been she 
uiversé effect on the mechanical proper 
ties of the 


however 


heen 

metal 
who also that there was an 
veld In the present in 
stance it seemed possible that 
the much smaller markings which wer 
encountered might not 
necessarily indicate the 


eracks Perhaps the 


plained in some other manner 


common! 

presence ofl 
could be ex 
In the 
this 
to investi 


hope ot gaming clarification on 


an effort was mace 
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CROSS-HATCHED AREA EXAMINED FOR 
MICROCRACKS (CENTRAL |-IN. OF WELO) 


Location of the area used in examination for microcracks 


gate the lation 


between 


possibilit ol corre 


mechanical behavior and the 


incidence of the small marking On 
the basis of this 
Section 19), it appeared either that th 
indeed represented eracks 


ce noted 


vork (deseribed in 
markings 
that the i predi position to 
cracking under mechanical loading 
Some further remarks on the sub 
ject of crack 
Section 20 
It should be mentioned perhaps that 
the duration of the 


tween the 


lengths vill be found in 


storage riod be 


postwelding treatment and 


nueroscopice examination varied from 


specimen to specimen In some case 


it amounted to only a few hours. In 
others, it wa i 
There seemed to be no 
that the 


Was a matter ol 


matter of many days 


incl ition how 
duration of this period 


Uence 
4. Consequences of Air Cooling and 
Water Quenching 

Before ce 


the isothermal! 


seribing the behavior of 
treated 
vill be of interest to refer to some pre 


two other 


welds it 


luminary tests on groups of 


specimens The consisted 
of welds 
till aur after welding The 


sisted of spec 


irst group 
vhich were illowed to cool in 
second con 
imens Which wer quen hed 
it room 


following the 


in Water temperature 


mediates completion of 


velding 


The sar-cooled group contained 
Specinens Neither Class A nor Class 
‘ 
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Fig. 3. A portion of a specimen con- 
taining an unusually large number of 
microcracks. X 275, not etched 


It had been 
rOCTHCKINE 
quenched weld 
been observed 
lol ger wer 
met It Was 
therefore to 


was much k 


maller specimens. In the 


hur 


found in any ol 


inticipated that sever 
might occur the 
uch an effeet had 
in earlier work employ 
is on 
omething of a surprise, 
find that 
frequent in the present 


Ore Speck 


rocracking 


present 
i Was accomplished by 


lunging the specimens into a large 
olume of water at 66-85 F within 
ec after the completion of welding 


des 


cracking In a gi 


Thiers Phe 


\ microcrack 


No Cl 


nen 


n 21 case 


ippeared that 
the tud ‘ 
following the 

not favor the 
Mie rocructh 

th, thi 
istent with ¢ 
isothermal 
thus lore 


tus 


have 
cerning the 
pomt whi h is 

At thi tage 
perhap 


None ol the 
exhibited Class 


the 
oup ol que nehed apect- 


frequeney of 


number of Class 


was only 1.4 
iss A cracks were noted 


per 


1) specimens 
Thus it 
conditions of 
immediately 


cracks 
under the 


ere cooling 


completion of welding did 


formation of weld-metal 
ill 
m later proved to be con- 
obtained in the 
believed that 


seen in Seetion 


idence 


It i 


f the quenched specimens 
important inpheations con- 


mechanism of cracking, a 


discussed in Seetion 13 


it should be mentioned, 


that the conditions employed 


Table |—Frequency of Microcracking 
in 40 Specimens* Quenched in Water 
at 66-85 Fimmediately after Welding 


A micro O 12345 12 
edi a 

hititing the 

no micro 

* No Classe Bb microcracks were found in 


CLASS A 


\ j 


Fig. 4. A group of microcracks illus- 
trating the distinction between Class A 
and Class B 
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that 
greater 
Why 


1400 


1200 


600 


600 


400 


200 


in the present work (.c., the combina- 
tion of materials, geometry, and pro- 
cedure) may have constituted something 
of a borderline condition with regard to 
exhibited by direetly quenched welds. 
At one stage in the work, a few welds 
were deposited with another brand of 
1.6010 electrodes under otherwise stand- 
ardized conditions and cracking was 
found to be somewhat more prevalent 
with 
oceasion, some Welds were made employ- 
ing higher welding currents with the 
standard electrodes and there was an the isothermal 
indieation (though an uncertain one) 
provoked a 
microcracking. 
should 


have such an effect, if indeed it does, is 
not apparent, 
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Fig. 5 Some cooling curves for various treatments 


5. Procedures in Isothermal 
Treatment 


Isothermal 
microcracking formed 
from 212 to 
bath was employed at 1700° F 
both molten salt and molten lead were 

Boiling water was 
Treatments at the 8 


used at 1600° 
used at 212° F. 
intermediate 
another ried out 
low-melting lead alloys 

The specimens were quenched into 


after the completion of welding 
average value of the mid-length tem- 
perature is believed to have been about 
1320° F at the instant of quenching 
Ideally, of course, it was 
to be desired that the specimen assume 


(see Fig. 5). 
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the temperature of the bath instan- 
taneously. Since the heat capacity of 
the specimen was by no means negli- 
gible, however, an appreciable period 
was required for attainment of the bath 
temperature, this in spite of the fact 
that the specimen was agitated. Figure 
5 shows some actual cooling curves 
(in terms of the temperature at mid- 
length) for specimens treated at 1000, 
750 and 450° F. Each of the curves 
represents the average behavior of 
several specimens. The thermal lags 
which attend quenching are apparent 
in the figure 

From Fig. 5, one may see that the 
term “isothermal treatment’ is used 
loosely in this paper. Indeed, in the 
case of specimens held only briefly in 
an “isothermal” bath (say, 30 see at 
750° F) this figure indicates that the 
temperature of the bath was never 
attained. In the case of long-time 
specimens (say, 30 min at 750° F) the 
bulk of the treatment was isothermal in 
nature but during the early stages the 
specimen was inevitably at higher 
temperatures. As will be pointed out 
presently, this is a matter of some im- 
portance and must be taken into account 
when one attempts to interpret the 
results of the tests. 

Figure 5 shows also an average cool- 
ing curve for specimens which were air 
cooled after welding and a curve for 
specimens W hich were quenched directly 
into water at 70° I 

Following isothermal treatment, 
specimens were removed from the 
baths and were immediately quenched 
in water at 66-85° F in an attempt to 
induce cracking. They were then sub- 
jected to microscopic examination 


6. Results of Isothermal Treatments 
at Temperatures Below A, 

Figures 6 through 13 describe the 
behavior of specimens which were 
subjected to isothermal treatments at 
eight temperatures in the range from 
1290 to 212° F. They depict the 
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to quenching 


manner in Which the durats 
thermal treatment influences 
sponse to subsequent 
both 
incidence of Class A mict 
the tenden 
Class B mile 


Section 3 


latter 1s shown 


toward the ippearance 
rocracks as defined in 
In the figures, each svmbol 


represents the behavior of a 
specimen, should be 


perhaps, the 


singie 
explained, 
quasi-logarithmi 
scale which 1s been used to describe 
the frequency of Class B microcracks 
(in the lower portion of eac h figure) was 
introduced only for the sake of con 
venience It was intended to have no 
other significance. The same may bn 
said for the split se ales which have been 
used in the upper portions of some ot 
the figures in with the 


of Class A. microcracks 


connection 
ney 
As may be seen in Figs. 6 through 10 
both Class A and Class B microcracks 
were encountered in specimens treated 
at temperatures above 750° F In the 
case of these temperatures it may he 
seen also that the data for the two 
classes of cracks tend to parallel eac h 
other. In the 
peratures (Figs. 11 
Class B microcracks were 
found. Ordinarily only those of Class 
A were encountered 
Nore: Throughout Ue 
this paper 


ease of the lower tem- 


through 13), how- 


ever ldom 


remainder of 
noted) 


the disc USSLONS of the CL periine ntal 


f reept as otherwiat 


results will refer only to the data on Clase 
Both ty pes of data will 


he prese nled side by side in the various 


A microcracks 


figures and tables but, for the sake of 
data on 
Clase B cracks will be deferred to Section 
20. At that attention will be 
called to the instances in which the behat 


iors in terms of the two classes of micro 


discussion of the 


pownt 


cracks fail lo parallel each other 
Examination of the data on Class A 
microcracks in Figs. 6 through 14 dis 
closes that the effect of isothermal treat 
ment mav be divided into two stages 


In the first stage (involving short times 
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ine and at most 
plete immunit vould 
ittained in the 
implications ol 


terms ot the 


temperatures con 
seem to tn 
semployed. Some 
observation 
hanism involved 
he discussed in Sections 12 through 


As stated in Section 4 
vas found to be either 


susceptibility 
slight or com 
imens Which were 
quenched immediately after the 
Presumably, then 
with the 
first stage of isothermal treatment de 
velops with great rapidaty According 
to Figs. 6 through 8, for instance, the 


requ red time is 


ple tely absent in spe 
com 
pietion ot welding 


the susceptibilit issociated 


seen to amount to onl 
{ seconds in the case of specimen 
treated at 1200, 1200 and 1000° I 
Recognizing the rapidity with which 
velops at the higher 
temperatures, one wonders if it is not 
possible that isceptibilit min cle 
velop even in spe treated at the 


a lew 


susceptibilit che 


temperatures during 


lower 
through the higl 
i possibilit 
consistent with the 
pointed out im the preceding 
is known to attend the attainment of 


temperature range 


Such vould seem to be 
time lag which, as 
section 
the temperatures ol the isothermal! 
baths 
case of a specimen treated at Ho” | 


that, as late as 4 


Consider, for instance, — the 
Figure 5 indicat 
sec alter quenching the temperature 
of the weld at midlength ts still in the 
region of 1000° 1 In view of thir 
possibility, one is inclined to wonder i 
anv of the exhibited by 
specimens treated at the lower tempera 
ture as 450 I) 
it’ the 
ment 


susceptibilit 


wtually developed 
nominal temperatures 
This matter will te di 
further in Section LO 
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CENT Ra oO WEL 


OF & 


$0 100 $00 


QURATION OF (SOTHERMAL TREATMENT MUTES 


Fig. 8 
to quenching 


NOVEMBER 1956 


Influence of isothermal treatment at 1000 


Flanigan, Saperstein 


Fig. 9 
to quenching 


F prior 


Weld-Metal Microcracking 


wled 


uenched specimens of 


specimens 
latter may now be 


if specimens @X- 
if air-cooled to 
Pre- 


low enough not 


welding. 


clopment of sus- 
stages ol cooling 
i subsequent re- 

nmunits 
observed in the present 
specimens quene hed to room 


t immediately after welding 


emperature 
v<hibited ew an 


Cooling rate determinations indicated 


microcracks, 
that the mid-length 

ds were in the neighborhood of 
| Pre- 
sumably. the welds were still ummune to 
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it the time of quenching 
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tures W rapid that susceptibility 
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found in earlier work 


mentioned in 
Section 4 
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thiat 


microcracks at 


with larger 
{xx 
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after the 
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behavior also The 
required 
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sbout 400° F 
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to the che 
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should not 


numerou 
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welding of these 
specimen about 70 seconds 
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idence 
period ol 
probabl on ot the most 


features of the ent work 


however such dication 
irded iltogether surprising. 
The literature everal refer- 
instane Which hydrogen- 
occurred under 
somewhat 


be reg 
ence to 
mduecd racking 


conditions which ma be 


0 
os 00 


OF GOTHERMAL TREATMENT, 


influence of isothermal treatment at 875° F prior 


n of 180- specimens art I behavior Of the 
the re- und the direct! 
The Section 4 he 
of the interpreted as follow 
ks and a) It was found tl 
hibited n mucrocract 
room temperature alt 
sumably, eo 
only to al 
eptibilit 
but ilso 
eovel ol 
b) It 
60 
60 OOO °F 2 60 © 875 °F 
a0 } / 6 
40 120 } / 
00 } / 6 
| / 
60 
4 ‘ Cc ‘ 
3 2 re) 3 40 / 
3a 3 | ] 
j 
| ° | 
6 Fp lo oo 
1 2 o | is) Q ‘ 
os 5 10 50 00 600 os 4 60 00 $00 
01-300 | ooa@ © 10-300 | 
ol os ' 800 


1_ ¢— 
0 


c.ass « 


os ‘ 10 so 


CURATION OF GOTHERMAL TREATMENT 


Fig. 10 
to quenching 


analogous, Lefevre’ found that fisheye 
formation in welds was minimized by 
either very rapid or very slow cooling 
Fisheyes were more frequent in welds 
which were cooled at intermediate rates 
Andrew, Lee, Mallek and Quarrel" 
charged a ball-bearing steel with hydro- 
gen at an austenitic temperature and 
found that which 
quenched from this teraperature exhib- 
ited no flakes. Many flakes were present, 
however, after air cooling Bennek, 
Schenk and Muller" (as cited in Refer- 
ence 17) also observed that the incidence 
of flakes decreased with very fast cooling 


tis were 


rates. It is also of interest to note the be- 
havior of certain alloy steels which were 
subjected to end-quench tests after being 
charged with hydrogen, 
(but not all) cases it was observed that 


is 


In some 


the quenched ends of such specimens 
crm ks hile racks 
occurred in distant regions which had 


were free from 


cooled more slowly, 


7. On the Permanency of the 
immunity Achieved by Isothermal 
Treatment 

As has been seen in Section 6, a 
condition of apparent immunity was 
achieved by sufficiently long isothermal 
treatment at most of the temperatures 
might 


employed. One wonders what 
happen if, after isothermal 
zation at one temperature 
were treated at 
before being quenched to room tempera- 
ture. Would the immunity achieved at 
the first temperature prove permanent 
or would susceptibility develop at the 
In an attempt to 
a group of four 
specimens was subjected to consecutive 
treatments at 750 and S75° FL The 
latter temperature was selected for the 
second stage of treatment in view of 
the high degree of susceptibility which 
had been exhibited earlier by specimens 
treated at that temperature 

The four specimens were quenched 
into molten lead at 750° PF immediately 
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second temperature? 
answer this question 
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after welding. Ninety minutes later 
they were transferred to an 875° F 
bath where they were held for various 
periods ('/;, 3, 9 and 27 min) before 
being quenched into water at 
temperature, 
disclosed no microcracks of either class 
in any of 
concluded, therefore, that, at least in 
the case of this particular combination 
of temperatures, the immunity achieved 
in the first step of the treatment was 
indeed permanent. 


room 
Subsequent examination 


these specimens. It was 


8. Temperature-Dependence of the 
Time Required for Isothermal 
immunization 

Because the times required for speeci- 
mens to approach the temperatures of 
the isothermal baths were by no means 
negligible, Figs. 6 through 13 furnish 
little information concerning the rela- 
tion between temperature and the time 
required for isothermal attainment of 
susceptibility. 
useful, however, for 
times required for isothermal immuniza- 
tion. This follows from the fact that 
the thermal lag is more or less confined 
to the period of increasing or fully- 

susceptibility Subse- 
conditions are 


These figures are more 


estimating the 


developed 
quently, more nearly 
isothermal. As stated earlier, a pri- 
mary aim of the investigation was the 
determination of this relation between 
temperature and the time required for 
isothermal immunization. 

The desired relation may be obtained 
by drawing smooth curves to fit the 
data of Figs. 6 through 13 (as has been 
done in the figures) and by 
plotting on the basis of these curves. 
Figure 14 was obtained in this manner. 
It shows the relation between the tem- 


perature of treatment and the time re- 
quired to attain an arbitrary degree of 
immunity corresponding to a level of 
two Class A microcracks per specimen 
The latter criterion was used as a matter 
of convenience. It would be 
desirable to speak of the times required 


more 
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Influence of isothermal treatment at 750° F prior 


for complete immunity but the latter 
values are not as well defined. Strictly 
speaking, the times shown in Fig. 14 are 
not true immunization times. They 
are actually the total times during 
which specimens were exposed to the 
constant-temperature baths. They in- 
clude the period of thermal lag and the 
stage in Which susceptibility rather than 
immunity was fostered, 

Figure 14 permits the following ob- 
servations concerning the relation be- 
tween temperature and the 
required for isothermal immunization 
The required time is seen to increase 
with decreasing temperature in the 
range from 1290 to S75° F. At S75° F 
the time is extremely long.* In the 
range from S75 to 750° F 
sharply with decreasing temperature 
From 750 to 212° F the required time 
is rather short and would appear to be 
nearly independent of temperature 
Since Fig. 14 is based on work at only 
eight temperatures, there is of course 
some uncertainty over the correctness 
of the shape of the smooth curve which 
has been drawn. 
in the case of the rather large tempera- 
ture gaps from 212 to 450° FP, from 450 
to 750° F, and from 1000 to 1200° F 

Before proceeding to a further cis- 
cussion of Fig. 14, it may be of interest 
to refer at this time to the work of in- 
vestigators who have studied a number 
of steels in an effort to determine the 
temperature-dependence of the time 
required to attain isothermal immuni- 
zation against flaking. Andrew, Lee, 
Lioyd and Stevenson™ austenitized a 
0.6% carbon steel in an atmosphere of 


time 


it decreases 


This is especially so 


* According to Fig. 14, the time required to 
attain immunity at 1000° F is also rather long 
namely, 40 min Moreover, there may be reason 
to question the validity of this value An is 
apparent in Fig. 8, there is an unfortunate lack of 
data for the longer times at 1000" I The 40 
min value, based on the seauty Class A data which 
are shown in Fig. 8, is seemingly belied by the 
Clase Kh data of the same figure There is no in 
dication that immunity in termes of Class B cracks 
was approached even in 120 min, the longest 
time employed at 1000° F 
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DURATION OF ISOTHERMAL TREATMENT, MINUTES 


Fig. 12 
to quenching 


Their then 


quenched into isothermal baths held at 


hydrogen specimens were 


a number of temperatures, Ten min- 
utes later the) 
baths and were quenched in water. It 
appeared that the 10-min holding time 


removed from the 


were 


immunity in 
1200 to 


was sufficient to achieve 


the temperature range from 


930° F and in that from 750 to 300° | 
Immunity was not achieved in this 
time, however, at S40 I the only 


temperature employed between 930 and 
750° F. It is of that 
the behavior of this steel was qualita 
tively 
the present work both with respect to 
intermediat« 
and 
rather rapid immuniza 


interest to nots 


consistent with that observed in 
range 


the existence of an 


of sluggish immunization with 
respect to the 


tion at lower te mperatures 


There have also been a number of 
investigations on alloy steels which 
contained various amounts of nickel 
chromium and molybdenum 


Particularly extensive were the studies of 
Dubovoi and those of Andrew et al. (se« 
ind 67 of Reference 21 and 


In the i 


Figs. 63, 65 


bigs. 55 and S6 of Reference 20 


vork it app ired that in most (but not 
all) cases the time required for the 
immunization of a given steel was 
shorter both in a temperature range 


somewhat below A, and in one far below 
\, than it was at the 
T hus with 


the existence of an intermediate 


intermediates 
temperatures respect to 
ta 
erature range of most sluggish iomuni- 
zation the behavior of these 


steels often tended to parallel that of 


alloy 


the weld metal studied in the present 
work 

Somewhat inalogous results were 
derived in two studies on alloy steel 


Wooding! and Steinberger and 
attempted to 


times required for isothermal immuniza- 


Stoop determine the 


tion against underbead cracking and 


crm king 
it was found that 


against weld-metal respec- 
tively 


immunization was 


In each case 


more rapid at rela- 
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Fig. 13 
to quenching 


than in i Some 


what higher temperature range 


9. Some Practical implications 


In hig 


the immunization 
at the lower temperature 
I On the basis of 


14 it 


worth of note that 
time are so short 
even at 212 


alone 


Fig. 14 


might predict that in ordinary welding 


pera tice 


with 


the 
temperature 


regard to 


cooling 
range would ln 


microcracking 


rate in the low 
decisive 


This 


follows from the fact that in practice 


cooling weld would ordinarils 


dwell in 


the high-te mperature range long ¢ nough 


to become susceptible but 


remain 


munity 


itv ould Then 


this be 
through 
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Sin in this range 
ufhies Such an 


omewhat more than 


mught be expected to 


estimate is in rather satisfactory quanti- 
tative wreement with observations 
made under a vanety of conditions in 


and 
observations 


study in this laboratory 


Some of theme 


enurilet 
here 
ire summarized in the following para- 
ui iph 

In a stud) 
tivem ol pre 


concerned with the effee- 
heating as a means of 


muerocrack prevention it was found 
that 
the eritical 


caused the weld to dwell for a period of 


under the conditions employed, 


preheating temperature 


ihout 4 min at temperatures above 
200° FF In a study concerned with 
the fects of weld length and plate 
wth «a iriables it was found that 
the ritical onditions corresponded 
once again to period of about 4 min 
it temperatures above 200° F.4 In 
IMMUNITY NOT ACHIEVED 
IN LONGEST TIME USED 
50 100 500 1000 5000 


(IN MIN) REQUIRED TO ACHIEVE A DEGREE 


OF IMMUNITY CORRESPONDING TO A LEVEL OF 2 CLASS A MICROCRACKS PER INCH 
Fig. 14. Temperature-dependence of the time required for isothermal attainment 
of immunity 
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another study, concerned with the 
effects of water quenching after various 
periods of air cooling, it was found that 
a delay of from 4 to 8 min before quench- 
ing sufficed to prevent embrittlement.‘ 
At the end of this time, the weld had 
cooled to a temperature of about 300° 
I. Rather similar were ob- 
tained in work by Harris, Matthiesen 
and Newmark.” In tests on both 
multipass and single-bead welds Bland 
found his “critical quenching time” 
to be about 3 min.’ In his work the 
specimens were preheated to 212° F 
prior to welding and were quenched into 
boiling water after various periods of 
air cooling, It will be noted that in 
all of the above-cited cases the critical 
periods for low-temperature exposure 
were in the range from 3 to S min. In 
the work of Rollason and Roberts, 
however, it appeared that under certain 
conditions a shorter time sufficed,’ 
Working with air-cooled welds, they 
found that microcracking was avoided 
when a weld cooled to 212° F in about 
1 min. All of the 
paragraph are concerned with the weld- 
ing of mild steel with hydrogen-rich 
electrodes. With the 
Bland’s multipass welds, all specimens 
were of the single-bead variety, 


results 


references in this 


exception of 


It would seem fortunate that in weld- 
ing practice conditions are often such 
that cooling welds pass through the 
lower temperatures sufficiently slowly 
It seems fortunate also that, in cases 
where cooling might otherwise be too 
rapid, it is a simple matter to retard 
low-temperature cooling by 
preheating 


means of 


For the prevention of microcracking 
in mild steel welds, it would seem 
necessary only to insure that low- 
temperature cooling is sufficiently slow 
to permit the attainment of immunity 
before the weld reaches a temperature 
at which it is possible for cracking to 
occur If this 
it would of course be desirable to know, 
at least approximately, the temperature 
at which cracks can be ex per ted to form 
in the case of a susceptible weld,  Per- 


suggestion w correct, 


haps, however, there is no single temp- 
erature which can be expected to serve 
as a critical value under all conditions 
It may be that the temperature of crack 
formation is influenced by such factors 
as, for example the prior history of 
the weld, the state of stress, and chemi- 
cal composition In Reference 8 it was 
found under the conditions employed 
that most of the microcracks formed at 
temperatures below 212° F in an air- 
cooled weld, A few may have formed 
at a somewhat higher temperature 
In the present study it is clear that, in 
the case of the welds treated isother- 
mally in boiling water, cracking must 
have occurred at temperatures below 
212° F. In general, however, no effort 
was made to determine the temperatures 
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of crack formation in the present work. 

Numerous and extensive studies on 
the phenomena of flaking and under- 
bead cracking in alloy steels would seem 
to indicate that these types of cracking 
also tend to occur at rather low tem- 
peratures. Such indications are of in- 
terest since they are consistent with 
the suspicion that the mechanisms of 
these phenomena are similar to that of 
weld-metal microcracking. 

In certain weldability studies in the 
past much importance has been attached 
to the rate of cooling at elevated tem- 
peratures as, for example, at 1000° F. 
While such rates are undoubtedly im- 
portant in some respects, they would 
seem to be of little practical interest in 
connection with 
cracking in mild steel 


10. Hardness Tests 


After having 
microcracks, some of the isothermally 
treated welds were subjected to hard- 
ness tests. As indicated in Fig. 15, 
ten hardness indentations were made 
in the central 1 in. of each of these 
specimens, The measurements were 
made on the Rockwell 30T seale. Lach 
of the hardness values cited in this sec- 


weld-metal micro- 


been examined for 


tion represents the average value of the 
ten determinations made on a single 
sper men 

Figure 16 describes the results of 
hardness determinations made on the 
entire group of welds treated isother- 
mally at 810° F, It will be seen that in 
this case the duration of treatment had 
little, if any, effect on hardness. Thus 


CROSSES INDICATE LOCATIONS 
OF HARONESS INDENTATIONS 
(CENTRAL |-IN. OF WELO) 


by comparison of Figs. 16 and 10 there 
would seem to be no correlation between 
hardness (on a macroscopic scale, at 
least) and the frequency of microcrack- 
ing. The short-time specimens contain- 
ing large numbers of microcracks are 
perhaps no harder than the long-time 
specimens containing few microcracks 
or none at all. Moreover, it would 
seem that the decomposition of austenite 
must have been nearly complete even 
in the shortest times employed in the 
work at 810° F. Otherwise, the final 
hardness would be expected to vary 
with the duration of isothermal treat- 
ment prior to quenching. It, of course, 
cannot be concluded from Fig. 16 that 
the transformation of austenite was 
entirely complete prior to quenching 
even in the case of the longest holding 
time employed. It is conceivable that 
small amounts of austenite might have 
survived the isothermal treatment and 
that, because of the smal! amount in 
volved, subsequent decomposition at 
lower temperatures might have had 
little effect on over-all hardness. 

Less extensive hardness data wer 
obtained in the case of several othe: 
temperatures, namely, 1200, 875, 450 
and 212° F. In Fig. 17, which shows 
these data, each bar represents the be- 
havior of a single 
figure permits two observations of in- 
terest. In the first place, it is seen 
again that there is very little difference 
between the hardness values for a short 
holding time at a given temperature and 
those for much longer Thus, 
once again, there would appear to be no 


specimen The 


times. 


THIS AREA (CENTRAL |-IN. OF 
WELO) LIES IN SAME PLANE 
AS SURFACE OF PARENT PLATE 


SURFACE OF 
PARENT PLATE 


THIS FACE LIES IN LONGITUDINAL 


PLANE OF SYMMETRY THROUGH WELD 


Fig. 15 Location of indentations made in the hardness tests 
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Fig. 16 Hardness data for the specimens treated isothermally at 810° F prior 
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treatments to quenching 
correlation between hardness and the are involved It is believed that the the untransformed austenite thus per- 
frequency of microcracking A second experimental results are not inconsistent mitting it to cool to lower transforma- 
observation is concerned with the re vith a version of what might be termed tion temperature than would otherwise 
lation between hardness and the tem the hyvdrogen-retaimed austenite be the en 
perature of treatment According to hypothesis I} ection will be de 1) The decomposition temperature 
Fig. 17, there would appear to be ver oted to a description of the hypoth of the last portions of hydrogen-laden 
little difference in the hardness value ‘ The three Vhich follow will iustenite | ritical If decomposition 
associated with the several tempera consider the compatibility of the hypoth oceurs ata sullhientl high temperature, 
tures Welds treated at 212° F, for esis With the principal results of the the plasticity of the product and the 
example, are not much harder than present investigation. They will also diffusivity of the hydrogen are sufficient 
those treated at 1200° F This suggest refer to certain elaborations of the to permit a favorable redi tribution of 
strongly that in all cases the bulk of the hypothesis which are suggested by the the embrittling hydrogen before crack- 
transformation must have oecurred in data ing in oO if If, on the other hand 
essentially the same temperature range The hydrogen-retained austenite decomposition occurs at a sufficiently 
regardless of the temperature ol INO | pothe is has frequentl been sug ‘ temperature the lower diffusivity 
thermal” treatment. This would im gested as an explanation for the under ol hydrogen and the greater brittleness 
ply that, in all cases, transformation bead cracking of welds and for the of the transformation product may lead 
must have been nearly complete within flaking of forgings and other hot-worked to cracks Phe details of the process 
only a few seconds after the completion products. In the extensive literature hich the low-temperature trans 
of welding and that it must have on these subjects several versions of formation of hydrogen-rich austenite 
occurred at a rather high temperature the hypothesis have been suggested may produce cracking are not clear and 
It appears probable that, as a result of An excellent summat has been pre need not concern us in thi paper. 
the thermal lag, specimens achieved pared recently by Sin According to ‘ The temperature at which the 
the temperatures of the isothermal baths t version preferred by the authors, the last austenite decomposes can be ex- 
only after the bulk of the austenite following feature ire associated with pected to depend on many factors 
had already transformed the hypothesi Among them are the cooling rate, the 
Figure 17 also indicates the hardnesses a) For cracking to occur it is nece concentration iustenite-stabilizing 
of some of the welds which were sary that a dangerously large quantit element ind perl ip the nature of 
quenched into room-temperature water of hydrogen be contained in the steel the stre tem 
immediately after welding. It may be In the case of weld the necessar f) Needle to sa tress as well as 
seen that the hardness itt the latter hy drogen eri ed the by ttiene res lired tol the Occurrence 
cause is somewhat greater than that asso- itmo phe re ol the velding ar In ol cracking It } isualized that the 
ciated with any of the isothermal treat the case of forging ind other hot nec t tre nis ise in a variety 
ments Sut, as has been noted in vorked products, hydrogen may be in of inong Which the following may 
Section 4, the directly quenched welds troduced in the steel-making process or be mentioned 
were nearly immune to microcracking less frequently, during subsequent prov Thi tresne nduced by the 
Thus, it would appear once again that essing olume changes which are asso- 
there is no correlation between weld- 4) During the course of the austenit ciated th the transformation 
metal hardness and the incidence of decomposition hich attends cooling of austenits 
cracking from high temperatures, there is prob 2 Phe aerostatic «tresses which may 
ibly a tendency for hydrogen to become ise from the accumulation of 
1. The Hydrogen-Retained egregated in the remaining austenite mot hydrogen in “lattice 
Austenite Hypothesis n that phase j fts’’ and other discontinuities 
Up to this point various experimental! higher than in the products of decom §. ‘The thermal stresses which attend 
results have been described and certain position. In tl vay it is possible lifferential cooling 
pl actical implications have heen men- that especiall high oncentrations of It to tee hasized that according 
tioned. At this stage it is in order, per- hydrogen are produced locall to the a ( e, the interaction of 
h ips to indulge in some sper ulation on ‘ In turn, an increased h drogen hvaroge! nd retamed iustenite§ i# 
the natures of the mechanisms which ontent may tend to further stabilize omple md insidiou On one hand, 
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Fig. 19 Influence of isothermal treatment at 1700” F prior 


to quenching 


it is the incompleteness of the austenite 
transformation at elevated temperatures 
which permits the dangerous concentra- 
tion of hydrogen during cooling. On 
the other hand, the accumulation of 
hydrogen may tend to stabilize the 
austenite, thus permitting it to resist 
transformation until dangerously low 
temperatures are reached. Low- 
temperature transformation alone tends 
to produce a rather brittle transforma- 
tion product. The presence of hydro- 
gen makes for further embrittlement. 

But in practice flaking and under- 
bead cracking are not commonly en- 
countered in mild steel. They are 
ordinarily found only in the more 
hardenable steels. Is it reasonable, 
then, to expect cracking to occur by a 
related mechanism in the case of mild- 
steel weld metal where both the carbon 
content and the alloy content are so 
low”? In this connection the following 
peculiarities of weld metal are ol 
interest 

(a) Certainly, the over-all hydrogen 
content of the weld metal is unusually 
high. (In the present work welds 
quenched to room temperature im- 
mediately after welding were found to 
exhibit hydrogen contents of at least 
15 ce per 100 g.) 

(b) The consequences ol dendritic 
segregation might be expected to be 
especially severe in the case of weld 
metal since there is so little opportunity 
for segregation to be relieved by high- 
temperature diffusion following solidifi- 
cation. Such segregation (perhaps in- 
volving hydrogen, carbon and the var- 
ious alloying elements) is of interest 
since the initiation of cracks is a local- 
ized phenomenon and can be expected to 


depend on local, rather than over-all, 


composition, 

(c) Since some nitrogen is introduced 
in the welding process, the over-all 
nitrogen content of the weld metal 
may be higher than that found ordi- 
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Fig. 20 
to quenching 


narily in steel products. More impor- 
tant perhaps, the localized concentra- 
tion of this element may be accentuated 
by segregation. Nitrogen is known to 
promote the stability of austenite and 
Rollason and Roberts have expressed 
the belief that nitrogen may be an im- 
portant factor in weld metal micro- 
cracking. 

The above considerations would seem 
to furnish a basis for believing that 
mild-steel weld metal might be sus- 
ceptible to cracking by the hydrogen- 
retained austenite mechanism. Such 
a possibility has, of course, been sug- 
gested by others who have studied 
weld-metal cracking. 

Before proceeding, it must be em- 
phasized that the discussion which 
follows in the next three sections is not 
aimed at establishing the unique suita- 
bility of the hydrogen-retained austenite 
hypothesis as a means of explaining the 
experimental findings which are related 
in this paper. (Indeed, it would 
appear that for the present some of the 
especially those of a 
cannot be ex- 


observations, 
quantitative 
plained fully.) 
tended to show only that the findings 
are probably not inconsistent with the 
There remains the possi- 


nature, 
The discussion is in- 


hypothesis 
bility that other explanations may be 
equally successful or may even prove 
No effort will be made in 
to explore other 


superior 
this paper, however 
possibilities. 


12. Concerning the Development 
of Susceptibility During Isothermal 
Treatment 

Can the experimental results which 
have been related in this paper be recon- 
ciled with the hydrogen-retained austen- 
ite hypothesis? This section dis- 
cusses the question in relation to the 
growth of susceptibility which was ob- 
served to occur during the early stages 
of isothermal treatment. The two 
sections which follow will deal with the 
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near-uamunity of which 
were quenched directly after welding 
and with the eventual development of 


immunity during isothermal treatment 


specimens 


It seems reasonable to presume that 
hydrogen is rather uniformly distrib- 
uted throughout the austenite of the 
cooling weld as the latter approaches 
the neighborhood of Ay As 
quence, the hydrogen content may not 
be sufficiently high in any location to 
be dangerous (according to the hy poth- 
esis outlined in the preceding section 
With «a further drop in temperature, 
decomposition of the austenite begins 
For susceptibility to develop it is 
necessary, according to the hypothesis, 
that the hydrogen content of any un- 
transformed austenite increase during 
the course of transformation and that 
it attain a critical value. We shall now 
consider in some detail the manner in 
which this may be accomplished 

Consider an island of austenite which 
is being invaded by an advancing trans- 
formation front. Consider in particular 
the fate of hydrogen which is dissolved 
in this austenite in the immediate 
vicinity of the interface. There is the 
possibility that, as the transformation 
front advances, some of this hydrogen 
may remain in the still-untransformed 
austenite by diffusing inward ahead of 
the front If so, it will, of course, con- 
tribute to an increase in the hydrogen 
concentration in the shrinking island 
of austenite. There is also the possi- 
bility that some of the hydrogen will 
take up residence in the newly formed 
transformation product. It 
terest now to inquire into the factors 
which may be expected to determine 
the proportion of the hydrogen which 
follows each of these two courses 

At temperatures not too far below Ay, 
the transformation of austenite requires 
the diffusion of carbon and the rate is 
presumably limited by this considera- 
tion. (This would certainly seem to 
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be the case for temperatures at which 
the 


ferrite 


ition product 
It ma ilso appl 
temperatures 


consists of 
ind pearlite | 
at somewhat lower 
But, at any given temperature hvdro 
gen is probably much more than 
Hence, one might expect that 


the hydrogen n the path of the trans 


mobile 


( irbon 


formation front would be redistributed 
in a manner dictated by the equilib 
rium solubilities in the austenite and 
ferrite phases Accordingly, since the 
solubility in austenite is known to be 


higher than that in ferrite, one might 
expect that the hvdrogen concentration 
would increase steadily in an island of 
s the latter undergoes trans 

The might 


become large and a dangerous condition 


tustenits 


formation concentration 


might be produced in this manner 
It is that one vould 
expect the last pat hes of untransformed 


worth noting 


iustenite to occur in regions of high 
resulting from dendritic 
Any 


high hvdrogen content 


alloy content 


segregation stabilizing influences 
exerted by the 
would be reinforced here by the 
of alloving elements with the result 
that the last small pate hes of austenite 


persistent It is 


pre 


might be unusually 
precisely such a condition which would 
be expected to make for microcracking 
Upon the 


stabilized in 


during subsequent cooling 
quenching of austenite 
this 


formation 


manner, the completion ol trans 


might occur at unusually 
low temperatures 

It is believed that the 
siderations satisfactorily 
the that «a 
creasing susceptibility 
the early 
ment. (As noted in Section 6 
probable that in all cases the te mpera 
ture lags which attended immersion of 


above eon 
account lor 
observation period of in 
urs during 
stages of isothermal treat- 


it seems 


specimens In the isothermal bathe 


were 80 great as to permit most of the 
transtormation to occur at 


tures not far below A,, 


tempera 
regardless of the 


nominal temperature of treatment 


13. Concerning the Near-immunity 
of Directly Quenched Specimens 

In «a test the 
hyvdrogen-retained austenite ik pothe 
we refer the 
which was exhibited by 
following welding 
these 


further attempt to 


now to 
We lds que rie he a 
in Water immediatels 
How the 
mens be reconciled with the hypothesis 
and with the remarks of the 


section? In an atte mpt to 


can behavior of spect 
preceding 
thus 
que stion, we shall consider the probable 
influence of the 


rature on the tenden 


transformation tem 


forh droge nto 


concentrate in the remaining austenite 
during decomposition 
In the preceding section we hav 


considered only the case of transforma 


* An alterr and perba | ta 
roce lrogen whit n t 
regior fa t tranefor i t t " 
iagested at t! nd oft t t 
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tion at temperatures not too tar helow 
\ i. the Cis nh vhich the nd 


front is dependent 


ot the transtormation 
on the diffusion of carbon. Under such 
been argued, it 


of the 


onditions, it has may 


he possible for some hydrogen to 


concentrate in the shrinking regions 


of austenite Consider now the other 
extreme namely the case in which 
transtormation occurs at temperatures 

ow that it need not await the diffu 
ion of carbon (as, for instance, in the 
transformation to martensite At 
uch temperatures one might expect 


the transformation front to advance so 
that ther would be littl 
hydrogen to accumu 
migrating ahead of the interface 
this would tend to minimize 


rapid] 
opportunity for 
inte 
Seemingly 
critical 
last 
austenite 


the likelihood ol ittaining «a 


hydrogen concentration the 
remnants of untransformed 
According to such a picture, the near 
immunity of the direetly-~quenched 
velds can be explained merely by recog 


nizing that the quenched welds passed 


through the high-temperature range 
more rapidly than did the specimens 
which were subjected to isothermal 


regard ) 


this 
ol quen hed 


treatment (see Fig. 5 in 
in the case 
most of the 
occurred un the 


welds 
transformation undoubted! 
high-temperature range 
presumably the duration of ex 


posure to such temperatures was not 


it nth 


degre« of 


great to permit a eritical 


hydrogen enrichment to 
Additional 
occurred at lower temperatures which 
did not fa The 
issumption that a significant proportion 
of the 


occur transformation then 
or further enrichment 


transformation occurred at the 


ower temperatures in quenched welds 
is consistent with the hardness data of 
Pig. 17 


This atte mpt to account for the near 
quenched welds 
with the 


degrees of su 


immunity of directly 
seem to be consistent 
ition that the 
ceptibility ck 
treated isothermally at 
the t 
vere apparently le 


would 
obser 
eloped in 
150 and 212° | 
vo lowest temperatures emplo ed 

than those de 
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Compare the 
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numbers of racks shown in Figs 
12 and 13 with those 
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indicated in Figs 
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sufficientl 
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varies with temperature 
in the manner shown in Fig. 14 

It would seem that the firet observa- 
tion can be explained readily enough 
It has been suggested earlier that sus- 
ceptibility may be associated with the 
existence of small patches of hydrogen- 
rich untransformed 
sistent with this explanation, the subse- 
quent development of immunity would 
the following 


austenite. Con- 


seem to be favored by 
possi bilities 

With sufficiently 
prolonged treatment there is the possi- 
bility that complete transformation of 
the austenite might be accomplished 
isothermally. If only the transforma- 
tion temperature were sufficiently high, 
the transformation product might pos- 
seas properties which would render the 


Poasilility 


hydrogen content harmless and = thus 
prevent the formation of cracks during 
and after transformation 

Possibility “‘b.”’ 
bility that the high concentration of 
hydrogen in the last vestiges of aus- 
tenite might be relieved by outward 
diffusion across the austenite boundary 
hefore transformation. In the early 
stages of isothermal treatment such a 
process might, in some cases, be im- 
peded by a high concentration of hy- 
drogen just outside the boundary. 
In such cases the condition might be 


There is the possi- 


only temporary since, with the passage 
of time, the barrier would tend to be 
lowered through diffusion to regions of 
lower hydrogen content, 

Possiinlity There is the further 
possibility of an interaction between 
the eseape of hydrogen and the sta- 
bility of the austenite. The partial 
escape of hydrogen from a patch of un- 
transformed austenite might spur trans- 
formation,” 

These possibilities would seem ade- 
quate to account for observation “a” 
which requires only a qualitative ex- 
planation. Observation 
presents a more difficult problem since 
it is quantitative in nature. Here it is 
necessary to account for the shape of the 
curve in Fig. 14. In particular, it is 
necessary to explain the sluggishness of 
immunization at S75° F and the re- 
markably short immunization times at 
all temperatures from 750 to 212° PF. 


“bh.” however, 


At first glance, one might be tempted 
to attribute the sluggishness at 875° F to 
the dominance of possibility “a. In 
certain alloy steels, the time required 
for the completion of transformation 
(in the absence of hydrogen) exhibits a 
maximum value in the region of this 
temperature. (As has been suggested 
earlier, the last remnants of austenite 
in the present welds may occur in 
regions which as a result of dendritic 
segregation are rich in alloy content.) 
On the other hand, both at tempera- 
tures near A, and at those below 750° F, 
the shape of the curve in Fig. 14 would 
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appear difficult to reconcile with the 
dominance of possibility “a.” At 
temperatures near the time re- 
quired for the attainment of immunity 
is seen to decrease with increasing tem- 
perature in Fig. 14, while the time re- 
quired for the completion of the iso- 
thermal transformation of austenite (in 
the absence of hydrogen) generally in- 
creases with increasing temperature 
At temperatures below 750° F, Fig. 14 
shows that the time required for iso- 
thermal achievement of immunity is 
remarkably short and is nearl) 
pendent of temperature. Again, there 
would appear to be no satisfactory 
parallel between the observed behavior 
and the time which (in the absence of 
hydrogen) would presumably be re- 
quired for the completion of isothermal 
transformation. 

Thus, to account for the shape of the 
curve in Fig. 14 possibility “a’’ would 
seem to be insufficient. It would appear 
necessary to invoke possibilities ‘“b’’ 


and “ec” as well, Le., to consider the 
temperature-dependence of the rate 
at which hydrogen can be expected to 
escape from untransformed austenite 
and perhaps to consider the interaction 
between its escape and the stability of 
the austenite. The picture then be- 
comes complex and prediction becomes 
difficult. To make even semiquanti- 
tative predictions it 
essary to know with some precision 
the manner in which temperature 
affects the solubility and diffusivity of 
hydrogen both in austenite and in the 
Various products of decomposition. * 
Moreover, it requires a knowledge of the 
manner in which these effects are modi- 
fied by the segregation of various ele- 
ments and perhaps by the influence of 
stress. Since there is a lack of the pre- 
requisite knowledge, the authors prefer 
not to attempt an explanation for ob- 
servation “‘b.”’ 

It does not follow, of course, that the 
hydrogen-retained austenite hypothesis 
must be rejected. Rather it would ap- 
pear to be difficult to test the hypoth- 
esis in this case since pertinent data 
are lacking. 


becomes nec- 


15. Further Observations on 
Isothermal Treatment at 875 F 


As noted earlier, microcracks were 
found in specimens which had been 
held as long as 18 hr at 875° F, the 
longest time employed at that tempera- 
ture. Does this mean merely that the 
achievement of immunity is unusually 
sluggish at 875° F or does it indicate 
perhaps that some of the microcracks 
formed during the isothermal treat- 


* It has been suggested by several writers that 
there may be more than one mode of diffusion and 
that the rate can be expected to depend upon the 
mode which is operative In addition to ordinary 
lattice diffusion, there i# the possibility that the 
existence of rift networks might permit the dif 
fusion of molecular hydrogen 
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SURFACE SUBJECT TO 
TENSION OURING THE GENO TEST 


GENO TEST 
SPECIMEN 


Fig. 21 Cross-sectional view showing 
location of material used for the bend- 
test specimen 


ment? In the latter case, of course 
no amount of holding would be ex- 
pected to produce a crack-free condi- 
tion. In an attempt to answer this 
question, two groups of specimens were 
subjected to the tests which are related 
in the remainder of this section. 

The two specimens comprising the 
first group were placed in an isotherma! 
bath at 875° F immediately following 
welding. Fifty seconds later they were 
transferred to a second bath at 1600° F 
where they were held for 15 min. They 
were then quenched in room-tempera- 
ture water. 
Class A nor Class B microcracks were 
found in either of these specimens 
Thus, it was evident that no cracking 
could have oeeurred at 875° F (at 
least during the 50-see exposure) 
Presumably, the specimens were still 
susceptible to cracking when removed 
from the 875° F bath (see Fig. 9) 
but complete immunization was 
achieved in the subsequent treatment 
at 1600° FP. 

A second group of specimens was 
treated in a manner designed to test 
the suspicion that the susceptibility dé 
veloped in specimens held at 875° f 
might be especially severe in nature 
The three specimens of the group were 
treated for times ranging from 25 to 90 
sec at 875° F. They were then allowed 
to cool in air after which they were ex- 
amined for the occurrence of micro- 
cracks. All of the specimens were 
found to contain both Class A and Class 
B microcracks, the average values for 
the two types being about 10 and 100, 
respectively. The discovery of so 
many cracks in these specimens came 
as something of a surprise since air 
cooling allows slow passage through a 
temperature range in which, according 
to Fig. 14, one might have expected 
immunity to be achieved in short order 
(As may be seen from Fig. 5, air cooling 
allows about 13 min to be spent in 
the range between 750 and 300° PF.) 
Thus the susceptibility acquired at 
875° F would seem to be remarkably 
persistent. The reason for this per- 
sistence is not as yet clear. The sub- 
ject is one which would seem to deserve 
further investigation. 

In summary, it would seem that 
(a) cracking does not occur during 


Upon examination, neither 
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the 875° F exposure but only upon sub eptibill during passag ig is ! te absence of cracking would 
sequent cooling; the degree ol ermperature re seem ft relies tha he immunity at- 
susceptibility developed at 875° F is h “intent of « | ned at L600 s of a permanent 
unusually severe since the subsequent am 


ittainment of immunity is sluggish even 
17. Isothermal Treatment at a 


at lower temperatures 
Temperature Between A, and A, 


mpera 
16. Isothermal Treatments nd and hydrogen temperatures between A, 
at Temperatures Above A mld become rather uniformly dis d iid be expected to produce 


te to he remembered that the iso- ondition should tbe locals | susten higher-than-ay 


thermal treatments of Section 6 were 
\ med iter completion ol ‘ ore the effects of iso 


in that existing im rig irbor nten if Wa considered 


conducted at temperatures below 


Some additional tests at 1600 and 1700 
F are described in this section. The strong cen or the o¥erall hydro 4 Ore ! Ome specimMe#ns 
methods emplo ed were generally with Phe lead bath 


lar to those used at the lowe tempera by expected to emplover the experimental 
tures 


there should be a hermal treatment in that temperature 


favorable con procedu ‘ i all respects similar to 
dition i ‘ i ther temperatures 
At this point, it is of interest to refer hes i e shown in Fig, 20 


to the behavior of a group of S8 speci vill be noted once again that speet- 


The results, in terms of microcracking 
tendency, are shown in Figs. 18 and 19 
In each case it will be seen that the be 


havior is qualitativel similar to that vhich were ihjected to duple d for only short 


re o dadeterr } ‘ if me ¢ ¢ Susce 
obtained earlier at temperatures below tment t nine the perma 1 suscepti 


{,. Susceptibility is unmistakably evi 
dent after short period ol treatment 
This is followed by the attainment ot 
immunit 

At first glance, it might seem sur 
prising that susceptibilit hould be 


nency of the immunity gaines holding microcracking Presumably, 
moo? Immediately welding hy ilar to that sug- 
S specunet I ced in lead gested im the e of the 1600) and 
re the ‘ held for receding section 
ire both 
placed im a | 
vhere the holding ore sling, pertiay is the be 
enn os noted cartier, specimens which () see and 3 or ot pecimens which were 


mil Th wen vere en ad erods at 
ere quenched to room temperature mm ; ther Is at 1400° I 


shown b the short-time pecimens 


mediatel ifter welding ratur ter r Cink rang 
In what way co short 


periods of reheating to austenitic tem 
peratures be harmful? In answer to 0.050-In. Deflection 0.100 In 


this question, the following possibiliti 
would seem to deserve consideration 


a It is known that, at the instant A 
of introduction into n isothermal 
bath, the temperature of the mid-length 
portion of the weld is ind the 


underlying material is 1 somewhat 
lower temperature. It is conceivable 
that the internal temperature gradient 
might cause the temperature of the 
weld to continu fall for a briet 
period even after introduction into the 
1700° F bath. If so, this might produce 
an increase in susceptibility since, as 
has been seen ¢ irlier short exposure 
at temperatures just below A, seem to 
be harmful It is conceivable that 
specimens quenched in the 1600 and 0.5808 
1700° F baths spend more time in th 
susceptibilit producing temperature 
below A, than do specimen 

quenched in water immediate] iltes 
welding. No effort has been mac 
however, to check this possibility by 
actual temperature measurements 

h After a specimen has been 
quenched in the 1600 or 1700° F bath 
a certain amount of time elapses before 
the temperature of the bath is attained 
and much of this time is spent in the 
range between A; and Ay. During this 
period there should be a tendency for 
ferrite to precipitate from low-carbon 
austenite and for both carbon and h ‘ 
drogen to concentrate in the remaining Fig. 22 Typical sequence of crack widening during the bending of a specimen 
austenite. Both tendencies might be known to contain microcracks. X 500, not etched. (Reduced by upon repro- 
expected to make for increasing sus duction) 
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of microeracking is generally low and 
there is @ rather disconcerting degree 
of scatter, but it seems that at 1400° F, 
as at 875° F, the attainment of im- 
munity is especially sluggish. The 
explanation is not clear but one sus- 
pects that it may hinge in some manner 
on the high carbon content of the aus- 
tenite. Prolonged holding at 1400° F 
should produce a large reduction in 
hydrogen content but it is possible that 
relatively small contents are harmful 
in high-carbon austenite. Studies on 
the flaking of plain-carbon steels have 
shown that susceptibility increases with 
an imereasing carbon content.2" There 
have also been indications that, when a 
steel is cooled from temperatures be- 
tween A; and Ay, the temperature range 
of martensite formation extends to 
lower temperatures than when the same 
steel is cooled from a temperature at 
which the carbon is more uniformly 
distributed,” 


18. Low-Hydrogen Welds 


In earlier work, several investigators 
have found that welds deposited with 
“low-hydrogen” electrodes have been 
highly resistant to weld-metal micro- 
cracking. It was thought of interest to 
check this point under the conditions 
employed in the present study. Aec- 
cordingly, a group of specimens was 
prepared in the usual fashion except 
that the welds were made with E7016 
electrodes 

Immediately after welding, 
specimens were quenched in a lead 
bath at 875° F and 30 see later they 
were withdrawn and quenched in water 
at 70° F. The 30-see treatment at 
875° F was selected on the basis of the 
high degree of susceptibility which it 
had been found to induce earlier in 
E6010 welds. 

Of the 5 specimens treated in this 
manner, 4 were found to be entirely 
free from microcracks. The fifth con- 
tained a group of 4 Class A cracks which 
were concentrated in a single small 
region. No Class B cracks were found 
in any of the specimens. Thus, as had 
been anticipated, the low-hydrogen 
welds appeared to be especially resistant 
to cracking. 


19. Bend Tests 


The reader may wonder if there is 
any basis for believing that the struc- 
tural features which have been termed 
“microcracks throughout this paper are 
actually cracks at all. As has been 
explained earlier, the microscopic ex- 
amination of an electrolytically polished 
surface reveals these indications as 
small dark markings on a white back- 
ground. In earlier work there has been 
abundant evidence indicating that simi- 
lar markings have denoted the presence 
of fine cracks. In the earlier work, how- 
ever, the markings were considerably 
longer than most of those encountered in 


these 
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the present study. For this reason, it 
was decided to seek additional, direct 
evidence in the present case. To this 
end, some auxiliary tests were made 
patterned after the method of Bland.' 
They were intended to reveal whether 
or not the widths of the markings would 
increase in crack-like fashion during 
plastic deformation 

Small bend-test specimens were cut 
from welds which had been treated to 
produce varying degrees of suscepti- 
bility to ‘“‘microcracking.”” A specimen, 
2 in. long, '/, in. wide and 0.100 in. deep, 
was cut from each weld. The location 
from which the specimen was taken is 
shown, with reference to the cross sec- 
tion of the weld, in Fig. 21. This loca 
tion insured that one of the '/~ * 2-in. 
faces of the bend specimen would con- 
sist entirely of weld metal and that it 
would represent a region of high micro- 
crack density if cracks were indeed pres- 
ent. 

Before bending, the all-weld-metal 
face of each specimen was ground plane 
and was given a rough mechanical 
polish. It was not etched. Eleetroiytic 
polishing was not used on these speci- 
mens since it was desired to eliminate 
the possibility that subsequent crack- 
ing could be attributed to embrittlement 
induced by such polishing. In bending, 
each specimen was simply supported at 
points '/,-in. distant from the ends and 
a concentrated load was applied at mid- 
span, The all-weld-metal face was 
located on the tension side of the speci- 
men. Each specimen was subjected to 
a careful microscopic examination be- 
fore bending and was re-examined after 
each of several increments of deflection 
Bending was discontinued after attain 
ment of a mid-length deflection of from 
'/, to 

Five groups of specimens were pre- 
pared, the treatments being as follows: 


Group a. Two 
quenched in water im- 
mediately after welding. 


specimens were 


Group b. Three specimens were air 
cooled after welding 

Group c Two specimens were held 
10 minutes at 750° F 
and were then quenched 
in Water. 

Group d. One specimen was held 30 


sec at 750° F and was 
then quenched in water 

Group e, Six specimens were held 
30 sec at 875° F and 
were then quenched in 
water. 


From the earlier work, it was expected 
that Group a would be nearly free from 
microcracks, that Groups 6 and ¢ 
would be entirely free, and that Groups 
d and e would contain large numbers 
of microcracks. Since mechanical pol- 
ishing was employed instead of the 
usual electrolytic polishing, however, 
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it was to be expected that few if an 
markings would be evident before bend- 
ing even in the specimens of Groups 
d and e. (Mechanical polishing ha- 
been observed to obseure smal! mark- 
ings which are readily revealed by elec- 
trolytic polishing. ) 

In the case of Group a, no crack-like 
indications were apparent either befor: 
bending or after deflection of 0.050 in 
A few rather doubtful crack-like mark- 
ings were seen in both specimens, how - 
ever, after a deflection of 0.250 in. had 
been attained. 

In the case of Groups & and ¢, no 
crack-like markings were apparent in 
any of the specimens even after a de- 
flection of 0.500 in. 

In the case of Groups d and e, a few 
rather doubtful markings were observed 
in 3 of the 7 specimens before bending 
After a deflection of 0.050 in., 
large numbers of unmistakable cracks 
were apparent in all specimens. With 
increasing deflection the cracks grew in 
number and in width but there ap- 
peared to be little increase in length 
It is noteworthy perhaps that, even 
after a deflection of 0.500 in. had been 
reached, only a very few of the cracks 
were large enough to be detected with 
the unaided eye. The photomicro- 
graphs of Fig. 22 represent a typical se- 
quence of crack development. They 
depict the behavior of a single crack 
which was first noticed at a deflection 
of 0.050 in. in a specimen of Group ¢ 
Photographs were made at that time 
and after several subsequent increments 
of bending 

On the basis of these observations 
it is concluded either that the markings 
which throughout this paper have been 
termed microcracks are indeed small 
cracks (although difficult to reveal by 
mechanical polishing) or that they repre- 
sent regions which are predisposed to 
cracking during plastic deformation 
In either case, it would seem that such 
markings must be regarded as repre- 
senting an undesirable condition in 
structural welds. 


20. Remarks on the Sizes of 
Microcracks 

In the preceding figures and tables, 
the frequencies of cracking have been 
described for both Class A and Class B 
microcracks. In many cases the two 
classes of cracks have tended to occur 
under identical conditions and the be- 
havior with respect to one class has 
paralleled that with respect to the other 
In the case of some treatments, how- 
ever, only one class of crack was en- 


however 


countered. This section summarizes 
such exceptional cases and offers a 
few additional comments on the sizes of 
microcracks. 

The following three points would 
appear to deserve mention: 

(a) After certain treatments Class 
A cracks were ordinarily the only type 
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Fig. 23. A microcrack typical of the 
size found in specimen treated at 450 
F. X 200, not etched 


found. These cases included the speci- 
mens which 
after welding and those which were 
quen hed after isothermal treatments 
at 212. 450 and 750° F, the three low- 
est temperatures employed 

(h) In some of the eases me ntioned 


were quem hed directly 


in item “a’’ above the eracks were es- 


pecially large. These cases included 
the directly quenched welds and those 
treated isothermally at 212 and 450° F 
Fig. 23 illustrates the size of a typical 
erack found in a 450° F specimen. It 
3 and 4 
typical 


should be compared with Figs 
which indicate the sizes of 
microcracks found in specimens tre ated 
at the higher After 
treatment at 750° F only Class A micro- 
cracks were encountered but they did 


temperatures 


not appear to be especially larg: 

(c) In the case of isothermal treat- 
ments at 810° F and all higher tempera- 
tures, both Class A cracks and ¢ lass B 
cracks were encountered and the cracks 
of Class A tended to be rather small 

A compl tely satisfactors explanation 
of the mechanism of weld-metal mucro- 
cracking would, of course, be able to 
aceount for these observations on crack 
size. The authors, however, are unable 
to furnish such an explanation it this 
time. The hydrogen-retained austenite 
h pothesis as it has been stated in this 
paper, would appeal to bn non-com- 
mittal on the subject Further elabora- 
tion of the hypothesis would seem to be 
required before it can be used as @ 
basis for predicting crack siz 

In connection with the Class 8 micro- 
cracks encountered in the 
yestigation, it 1s of interest to not that 
small and perhaps related markings 


present in- 


have been reported by others engaged 
ith Tes arch on weld-metal microcrack- 
ing and flaking Recently Warren and 
Vaughan,’ working with weld metal, 
crack-like which 


observed markings 
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were so small as to escape detection 
it 120 although they were visible at 
480. In earlier work on flaking, 
Andrew, et al noted that some of 
their specimens exhibited what they 
termed “dots,’ 
good deal smaller than the usual cracks 
Che distribution of these markings was 
such as to suggest that they were 
similar to cracks in origin. In another 
paper on flaking Andrew, et al.,™ 
report that some of th ir specimens e@x- 
hibited, in addition to the usual cracks, 


markings which were a 


1 number of small “pits ’ some of 
which could be identified as very short 
cracks. It is perhaps of interest to 
note their belief that these pits tended 
to form at higher temperatures than did 


the usual cracks 


21. Summary and Conclusions 


This investigation was inte nded to 
determine, for the case of a particular 
type ol weld, the temperature depend 
ence of the time required to achieve 
isothermal immunization against weld 


metal mucrocracking It was hoped 
also that the data could be used to test 
the reasonableness of the hydrogen- 


retained austenite h pothe 418 “AS an eX 
planation of the phenomenon of micro 
cracking 

fJead-on plats weld were cle posited 
with AWS-ASTM E6010 electrodes on 
small pieces of ASTM A2s85-C plate 
About 1'/, see after the completion of 
welding (at which time the temperature 
was in the vicinity of \ the welds 
were placed in constant-temperature 
baths which were maintained at a num 
ber of temperature ranging from 1700 
to 212° F. After 
baths, they were 
quenched in room-temperature water 


various periods in the 


removed and were 


in an attempt to induce microerac king 
Subsequently, the specimens were ex 
amined for the occurrence of mucro 
cracks and in some cases hardness tests 
were made In a strict sense, the treat 


ments were not entirely isothermal for 


ilthough the specimen vere small, an 
appreciable time required for thei 
ipproach to the temperatures ol the 
baths 


The principal results and conclusions 


may be summarized as follows 
a During “isothermal” treatment 


it most temperatures there occurred a 
brief initial period in which increasing 
susceptibilits rather than immuniza 
tion vas fostered This behavior was 
completely unexpected During this 


period, a maximum degree of suscepti 
bility was developed within the first 
minut This vas followed by 


al ncreasingg 


i period 
At most 
but not all) temperatures it appeared 


nization 


that omplets immunity was accom 
plished 

b) The time 
ment of immunit 


required for attain 
found to have a 


maximum value in the case of treat- 


Weld-Metal Microcracking 


ment at 875° F where even IS hu proved 
insufficient \t 
temperatures the required times were 


both higher and lower 


shorte! 

( Immunization was found to be 
especially rapid at the lower tempera- 
tures of treatment. In the range from 
750 to 212 I the required time 
imounted to only a few minutes and 
ippeared to be nearly independent. of 
temperature 

d) Surprisingly enough, only a few 
eracks were found in welds which were 
room temperature di- 


quenched to 


rectly after the completion of welding, 
Lt without intervening isothermal 


treatment 

e) In general, there appeared to be 
no correlation between weld-metal hard- 
ness and the incidence of microerack- 
ing Indeed, the hardness of the weld 
metal was found to be nearly independ- 
ent of the treatment employed. This, 
presumably, was due to the thermal lag 
ittended quenching In all 
cases it may have iused the bulk of the 
transformation to oecur at 


hy 


austenite 
temperatures not tar be low A, 

f The 1 
in the 750-212 
consistent with numerous indications 
that, under 
tions, it is the cooling rate in the low~ 
temperature range which is ordinarily 
decisi in determining whether or not 


microcracking will oecul 


ipidity of immunization 


range appears to be 


practical welding condi- 


On the basis 
of the immunization times which were 
measured, it seems unlikely that a cool- 
ing weld would traverse the higher tem- 
peratures slowly enough to permit 
immunization during passage through 
these temperature At the lower tem- 
perature however, cooling is slower 
and the 


ire sufficientl 


required immunization times 
hort to make 
tion feasible 

7] Observation a and d above 
suggest that the weld metal was nearly 
immune to microcracking immediately 
following «de position ind) «6that 
ceptibility developed only during some 
tage of cooling It is 
suggested that it developed in a range 
not far below Ay. Pre- 
quene hed welds 


ubsequent 


of temperatures 
sumahl the directl 
traversed thi 


mit the development ol 


range tool ipidly lo per 
susceptibility 


while the twothermall treated welds 
traversed the ime range sufficiently 


h Che hydrogen-retained austenite 


ir to be qualita 


hypothesi 

tive consistent with the various @x- 
perumental hnding The appare nt im 
munit immediate! ifter solidifies 


tion can be explained by supposing that 


it’ thi tage the hydrogen was rather 
uniformly distributed so that dangerous 
concentrations did not prevail, The 
period of increasing susceptibility can 


be explained b upposing that the 


nearly complete decomposition of austen- 
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EFFECT OF TEMPERATURE ON THE 
FRACTURING BEHAVIOR OF MILD STEEL 


Strength, energy-absorbing capacity, ductility, and amount of 


gradual tearing preceding brittle crack propagation by cleavage 


are among the fracture properties observed at various temperatures 


BY J. D. LUBAHN 


ABSTRACT. Four-in. SAk 1020 steel plate 
was tested in various ways and vari 
ous fracture properties were observed 
strength, energy-absorbing capacity, dus 
tility (local plastic strain preceding crack 
initiation), and amount of gradual tearing 
preceding brittle crack propagation by 
cleavage. Each property was measured 
for vanous temperatures, loading rates, 
and biaxialities for both notched and un- 
notched specimens cut in both the rolling 
and thickness directions of the plate 

At temperatures above +150° C the 
ductility, strength, and energy-absorbing 
capacity are large and the crack propa- 
gates entirely by gradual tearing (fibrous 
As the temperature is lowered, sudden 
crack propagation by cleavage appears 
and the energy-absorbing capacity begins 
to fall. At +30 to 10° ©, depending 
on the loading rate, fibrous fracture has 
disappeared and the energy values are 
quite low, but the strength is still good 
and the ductility is still 500), even in 
notched specimens. The ductility be 
comes very small at 100 to oe Cc 
depending on strain rate, biaxiality and 
presence of a notch (triaxiality The 
slow notch bend strength, based on crack 
initiation, rises continuously with de 
creasing temperature to 150° © and 
then drops off slightly. At temperatures 
below 80° ©, complete separation occurs 
when the first crack appears, At all 
higher temperatures, the bending load 
rises while the crack gradually tears open, 
resulting in a fictitious “strength’’ value 
if one bases strength on maximum load 
Maximum load is 50°, higher than the 
load for crack initiation for temperatures 
above about y 

The notch bend ductility is the same as 
the biaxial unnotch bend ductility in the 
nieghborhood ot room temperature but 
much less at OO to 120° © This re- 
sult is discussed in terms of triaxialits 
(tension in all three principal directions 
and the location of crack initiation 

The ductility in the normal direction is 
much lower and more erratic than in the 
rolling direction, but the strengths in the 
two directions are essentially the same 
except helow 

The results show that “transition tem 
erature’ in a Charpy impact test is re- 
ated to the temperature range where the 
metal is losing its ability to gradually tear 
(without cleavage), while “transition 
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temperature’ in an unnotched impact 
bend test is related to the temperature 
range where the metal is losing its ductil 
ity. The latter temperature is about 
100” © jiower than the former one 

There is nothing about these particular 
test results to indicate that mild steel 
would be either weak or brittle at tempera 
tures above 0° © that is, under normal 
conditions of service Catastrophic Beery 
ice failures are discussed in terms of other 


factors not present in these tests, such as 


notch sharpne and secondary 
loads 
Introduction 


The fracturing behavior of metals may 
be considered as having two aspects 

crack initiation and crack propagation 
Crack initiation behavior is expressed 
in terms of “ductility,” or the plastic 
strain preceding the appearance of the 
first crack. In the following, ductility 
values will be expressed as the conven 
tional strain (change in gage length 
initial gage length in the direetion of 
The crack 


propagation behavior has often been 


the largest principal stress 


expre ssed in terms of energy absorption 
or appearance texture of the fracture 
surlace thus, in the ense of mild steel, 
the relative amounts of cleavage 

and “fibrous” fracture In this report 
the crack propagation behavior will 
be deseribed in terms of the distance 
to which gradual tearing proces ds be lore 


sudden crack propagation by cleavage 


sets in toth ductility and = erack 
propagation behavior are affected by a 
number of variable neluding tempera 
ture strain rate mi stres stats rela 


tive magnitude of the three principal 
stresses 

The primary objective of this inves 
tigation was to observe ductilit and 
mode of crack propagation as a function 
of temperature for several kinds of 
tests which subject the metal to differ- 
ent combinations of the above variables 
\ secondar objective was to obtain a 
better understanding of the nature and 
significance of the notched bar impact 
test It should be possible to deseribe 
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the behavior of metal in an impact test 
in terms of the effects of stress state and 
strain rate on the fracturing behavior, 
because the Hnipuct test differs from the 
tensile test primarily in terms of these 
two factors.’ 

Some of the literature is concerned 
with the initiation of the erack, some 
with the propagation of the erack and 
some with the general behavior of metals 
in impact tests. MeCregor and Gross- 
man? were primarily concerned with the 
circumstances which would cause the 
crack to begin with practically no prior 
plastic deformation Pellini® * has 
shown that the mode of crack propaga- 
tion is similar in different kinds of tests 
for a given temperature, Typical of 
papers concerned with the general be- 
havior of metals in a notched bar im- 
pact test is the one by Low and Zeno.* 
This investigation shows that the tem- 
perature at which the energy drops off 
is lowest for unnotched spect 


mens, shehtly higher for a double width 


biaxial specumen und considerably 
higher for specimens notched in various 
Wh The conclusion from these X- 
periments was that the metal becomes 
brittle’ at a slightly higher tempera 
ture if the sti is biaxial, and at a 
much higher temperature if the stress 

triaxial (that the specimen con- 


Kahn and Imbembo*® concluded that 


the sudden decrease in energy with tem- 


rature is due entirely to the appear- 
ince of leavage fracture anee the 
nergy issociated with the beginning 
of the crack was practically independ- 
ent of temperature j the range of 
temperatures where the total energy 
dropped off They found 
that the energ lo propagats the crack 


be 28 large as that to initiate 
the crack, and other tests’ show that 
the crack-propagation energy may be 


several times ae large as he crack- 


557 


initiation energ 


Material 

The material used was hot-rolled 
SAL, 1020 steel plate 4 in. thick (0.22% 
(). From 4 superficial inspection of 
the square piece of plate, it was not 
obvious which was the rolling diree- 
metallographic 
sections were cut perpendicular to the 
surface of the plate and parallel to 
There were no differ- 
ences except for the nonmetallic inclu- 


MIOTIS The 


tien Consequently 


the two edges 


inclusions were 
Of the larger 
inclusions, there were many more elon- 


smaller 
round in both sections 


LS 


Fig. | Unnotch bend test fixtures for 
use in a furnace or liquid bath 
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gated ones in one section than in the 
other, and so this section was assumed 
to be in the rolling direction. The 
shape distributions for the two sections 
were as follows: 


A pprozt- 
mate 
ratio of 
marimum 

lo parallel to 
rolling 
direction 


Number of inclusions 
Section Section 

parallel to 
minimum transverse 


dimension direction 

2 


103 


Rough preliminary tests (8) at room 
temperature on wide, unnotehed bend 
specimens cut in various directions 
showed that the ductility in the normal 
direction is considerably less than the 
ductility in either direction parallel to 
the plate surface and that the ductility 
in the rolling direction was. slightly 
larger than in the transverse direction, 

Previously’ it was found that the 
crack might begin high up on the root 
radius, instead of at the very bottom 
of the notch, if the ductility in the thick- 
ness direction of the notched beam was 
small compared to the ductility in the 
long direction of the beam. To avoid 
this difficulty in the rolling direction 
specimens, the notch was cut so that 
its long direction was in the normal 
direction of the plate, rather than in 
the transverse direction. The normal 
direction specimens had the long direc- 
tion of the notch in the rolling direction. 


Test Procedure 

Six kinds of tests were made as a 
function of temperature. Details of 
the equipment and testing techniques 
are described elsewhere." 

1. Tensile tests were made on '/¢in. 
threaded-end specimens. <A_ 1-in. fillet 
radius insured that fracture would occur 
in the cylindrical portion, even where 
the ductility was very small. For 
specimens with large ductility, the 
diameter change after fracture was 
converted to axial strain by using the 
constant volume condition. For brittle 
specimen, the ductility was taken as 
the offset from an extension of the 
linear portion of the stress-strain curve. 

2. Unnotched bend specimens 4/1 
in. thick by 2 in. wide were used to 
determine ductility under conditions 
of plane strain (zero strain in the axial 
direction). These dimensions yield a 
biaxiality equal to Poisson's ratio in 
the elastic region and a biaxiality of 
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essentially 0.5 in the plastic region ac- 
cording to data of Sachs, et al., on bend 
tests of aluminum alloys.’ The tests 
were made in special fixtures, shown in 
Figs. 1 and 2, which permitted the en- 
tire assembly to be lowered into a fur- 
nace or liquid bath and supplied a suit- 
able means of applying the load. At 
the higher temperatures, the test was 
interrupted from time to time to ex- 
amine the surface of the specimen for 
cracks and to measure the curvature. 
The curvature gage is deseribed in 
Reference 19. 
distance between the are of a circle 
and a chord over a chord length of 
0.15 in. Reference 8 shows that this 
chord length was short enough to 
insure reliable values of curvature. 
Curvature was converted to. strain 
using the bending analysis of Lubahn 
and Sachs. Ductility was taken as 
the strain at which the “first crack” 
appeared, 

At temperatures above approxima- 
tely —75° C, the crack begins to open 
up in a very gradual and unobstrusive 
fashion (see also Reference 11). Con- 
sequently, for purposes of stating a 
ductility value, it was necessary to 
come to an arbitrary decision as to the 
point where “the crack begins.”’ Part 
of the difficulty of determining when 
a crack begins is due to the orange- 
peeled surface which develops in’ the 
early stages of bending (Pig. 3). The 
first markings to disturb the orange- 
peeled surface ave about as long as the 
grain size. They resemble cracks, but 
usually do not have any appearance 
of depth. As the deformation pro- 
ceeds, they do not continue to get 
deeper, but rather, spread out into 
broader and 


The gauge measures the 


broader “troughs” or 


Fig. 3. Photograph of tension surface 
of unnotch bend specimen after con- 
siderable plastic flow, showing ‘orange 
peel” 
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Fig. 2. Unnotch bend fixture for large 
strain 


furrows.’ Eventually, short troughs 
1 to join together into longer ones 
at about the 


ciable 


and same 
appearance of depth may ce 
judged by the 
The first shallow grooves may be 
the splitting of the hard 


Consequently 


an appre- 
velop, as blackness 
merely 
skin due to 

ductility 
it which the 
appearance ol 
ductility 
but 


degree of oun 


machining 
was taken to be the 
crack began to have an 
depth 
value is not 


strain 
significant Such a 


only arbitrary also 


uncertain \ typical 
might be § 
decided arbitrarily that 
the ductility figure should be given as 
should also admit that this 
value might conceivably be as 
little as 10% or as We, 
In this particular example, if one had 
examined the surface at 10°) strain, it 
highly unlikely that 
remotely resembling the beginning of a 
crack found At the other 
extreme examined the specimen 
10°), om 
obvious deep 
ol 


speak ol 


certainty 
Thus, if one 


25%, cone 
ductility 


large 4s 


would be anything 
could be 
cone 
at a “‘strain’’ of would find 
at least one very 
crack By this 
cannot properly 
all, because the 


marks is partly due to the gaping open of 


course one 
strain at 


extension between gage 


cracks 
At temperatures 
the occurrence of these gradually tearing 
racks 
ductility 


because of 


above ( 


could also cause the apparent 


in tensile tests to be too high 
additional contraction of 
the 


diameter while erack gradually 
This phe 
effect®! 


onsiler 


opens up on the 
non has been called the “rim 
and has been shown to cause 
table ductility'’’ in 
feference 
effect is not a 
this in 


error in certain 


shows howe \ 


that the 
error for the 


rim sours 
conditions of 
gation 

At temperatures below 75° ( 
yradual tearing was observed 


sudden rupture by 


prio 

cleavuge 
ductility 
the 
determined by 
O.15-in 
chord length adjoining the fracture on 


‘ omplets 
At these 


value was not 


temperatures, the 


above 


subjec t to 


uncertainties It was 


measuring curvature over 4 


each side, and averaging the two cor 


re sponding values of strain teference 


% shows that there is a negligible error 
due to 


adjacent 


measunng average straim overt 
finite 


two lengths 
stead of the 
the fracture 
For ductility 
the cur 
enough to give a 
In this case, an attempt was made to 
estimate the duetility by 
and the 
test.” 


page 
length strain 

location 

than 


sensitive 


less 


values 
vature gage not 
satisfactory value. 
using the 
stress-strain 
Duetility 


breaking load 


curve from the tensile 


values so obtained are open to question 
because the analysis assumes uniform 
flow proceeding inward from the ten- 
actually the de- 


son surface whe rens 
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formation of mild stec 


we ge 


proceeds hy 
the propagation ol shaped 


Liider’s bands with elastic material 
between 

In a few cases did not occur 
at the f maximum strain (Pig 
7 In this case, two ductility 
were reported for the test a) the duc 
tility at the 


greater than’’ the mani 


Iracture 
location of 
Values 
fracture site and (hb 
mum strain 
intter 
is data pomts with 
upwards 
unnotched 
to determine the dur 


the specimen The values are 
shown in the graph 
arrows pomting 

4. Square slow bend 
tests 
tility 
parison with the value obtained from a 
test A to Sach's data 
on aluminum alloys,” the 


mid-width of a 


were 


under uniaxial tension, for com 


tensile ording 
biaxiality at 
test is 

bend 


qquare bend 


smaltler (0.2) than in wide 
Actuall thy bend 
in uniaxial test since the fracture 
Appendix 
bent 


much 
tests (O.5 
test 1 
begins at the 
These 


isured 


corners 


narrow wert 


and analyzed the 
m as the 
modification of the fixtures.” 
A few bend 
broken in the impact machine in 
to estimate the effect of 
ductility 
fracture 


wide ones except lor a 
narrow Specrnens 
were 
orde! loading 
uniaxial 

alter 


velocit) on the 


Ductility was measured 
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4 
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the sani 
bend tests. The 
i Charpy impact 
machin us is about 250,000 
times the warn ristu 
notched bend tests 


usilip ure gage in 
manner 


striking \ for 


crosshead speed 

In 

Slow notched bend tests on stand- 

eh Chary specimens 

special fixtures sim 

innotched 
ul tests 

ontinuously 

nterruptions 


beneling.* 
per- 
and 


were 


to mens 
mine the bottom of 

At temperatures 
detert 


below 
ductility Wie nined by 
the local strain at the 


notch from time t 


bottom of the 
time, plotting against 
ind extrapolating to the breaking 
load (Fig. 4 The local strain at 
the bottom of the notch deter- 
from the measured bend angle 


ribed in a pre 


Wiis 
mined 
as vious papel us In 


ues where fracture occurred 
the highest pre 
the 


measured 


less) 


ductility w en as that 
iltel! thy previou 
At temperature 


( im oun 


loading 
ibove approxim itely 


certainty existed re- 


varding the beginning of cracking 


similar to that encountered with un- 


24. 32 46 
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Fig. 4 Examples of curves of load vs. notch strain, showing extrap- 
olation to failure 
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the cracks generally did not exhibit 
appreciable depth until several smaller 
cracks had joined together. 


In some tests, load and deflection 
measurements were made continuously ¥ 
without interruption for strain meas- iy 
urements) and total energy was ob- d 
tained by integration, thus making ) 
possible a comparison with the Charpy 
V-notch energy. 

6. Standard V-notch Charpy im- 

were broken in an 


pact specimens 
Fi impact tester. These specimens were 
ig. 5 Microsection of notch bend fon. 
Xx 100. (Reduced by 2/, upon re- ther from room temperature than the square bend specimens tested at 
production) é' desired test temperature, in order to —125° C. Normal direction 

allow for the change in temperature 

while transferring the specimen from unnotched slow bend tests. For speci- 
notched specimens However, certain the bath or furnace to the impact mens in either the rolling or the norma! 
differences are worth noting. In the machine. The temperature change fol- 
notched specimens, the cracks some- lowing removal from the bath or fur- ig 
Umes had the appearance of beginning nace was found to be '/4° F/see/100° from veces tem oe oe to about — 100 
below the surface, or at least having F temperature difference from room C. Below thie aahel the ductilits 
a wider opening at a point below the temperature. The methods of obtain- dntai rapidly oh» temperature until 
surface than at the surface (see Fig. 5 ing the various temperatures are de- it Bi zero ihe shew tly at 
and Reference 8). Also, the notched scribed in Reference ap ately ~ 180° This t 
specimens sometimes developed cracks 
‘with considerable depth at a time when Results perature will be called the “britth 


temperature.” (For uniaxial tests it 
the cracks were only one grain long, Figure 6 summarizes the ductility val- . — 


; is difficult to estimate exactly the 
whereas in the unnotehed specimens, ues from the tensile tests and the narrow } 2 s : 
wittle temperature because tempera- 
tures between 155) and 195° ¢ 
were not obtainable with the proce 
dure used.) This general variation of 
uniaxial ductility with temperature 
has been observed previously by Fldin 
and Collins."’ 
ff The variation of ductility with tem- 
UNIAXIAL DUCTILITY perature is qualitatively the same 
for both the rolling and the norma! 
directions, but the level of ductility 
for the normal direction is consistently 
smaller by a factor of 3 or 4, and also 
the seattering is much greater for the 
normal direction. In the rolling di 
rection, the scattering may be a factor 
i of 2 or 3, particularly at temperatures 
120 -80 ~” where the ductility is changing rapidly 


TEMPERATURE _°C For the normal direction the scattering 


ROLLING DIRECTION 


z 
x 
a. 

> 

be 


is so large (sometimes as much as a 
factor of 20) as to make the drawing of 
a trend curve almost unjustified. The 
great degree of seattering is illustrated 
aren 4 UNNOTCHED TENSILE TESTS by the test of Fig. 7. In this single 
NO . @ GRADUAL TEARING specimen, the ductility at the maxi 
DIRECTION SQUARE NIT 
INITIALLY (DUCTILITY mum curvature must be greater than 
UNNOTCHED 4 UNCERTAIN) 
BEND TESTS the measured strain of 37°), while the 
© SUDDEN FRACTURE (NO ductility at fracture was only 2% 
PRIOR GRADUAL TEARING) 
Although the amount of scattering 
makes the conclusion somewhat un 
UNIAXIAL DUCTILITY certain, it appears that the ductility 


in tensile tests is the same as that in 


DUCTILITY — PER CENT 


square, unnotched bend specimens 
for temperatures above —195° ( 
This result is expected, since both types 
of tests represent uniaxial tension 
i i j The agreement between ductility values 
00 -160 -120 ~80 -40 40 80 in these two types of tests has also 
been noticed by Barlow.'* 
TEMPERATURE ."°C At the two lowest test temperatures 
Fig. 6 Effect of temperature on the uniaxial ductility of mild steel. where the ductility is becoming quite 
Ductility in a tensile test is local axial strain; in a bend test, ductility small, there is a tendency for the uni 
is local tangential strain axial ductility in the narrow bend test 
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Table 2—Ductility Values 
Fast 
#2 Slou narrou 
$3 Rolling lenatle hend 
FRACTURE STRENGTH direction lest teat 
wih ve on 
(wo re 
> \ 15 10 
\ 
195 0.2 
a 
0 
20 
04 
Normal 
direction, ° ¢ 
‘ 2 4 4 4 - 
3 1 Of 
Fig. 8 Effect of temperature on the 6 1 3t 
deformation resistance of mild steel 4 
105 0 
to be larger than that in the tensile 0) 
test (Table 2 At 195° ©, for ex- 
ample, the duetility in the narrow * From the same specimen 
bend test was consistently or t Calculated from load and stressesty ¢ 


more for both the rolling and the normal 
directions whereas in the tensile tests 
the ductility was only a small fraction 


of a percent or zero, except for one test the behavior 
Appare ntly at 195 ( tensile 

specimens behave in either of two dis- 

tinctly different ways a) the speci- about the 

men breaks almost simultaneously with pect the 


Appearance 
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Fig. 9 Comparison of uniaxial and biaxial ductility for 
mild steel at low temperatures. Biaxial bend specimens 


are 2 in. wide x ‘/\» in. deep 
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t Pour-tenths in square instead of 


the first strain: or (b) 
is characterized by the 


usual stress-strain curve having a vield 
point, with fracturing oceurring at just 
instant that one would ex 
“s-strain curve to begin 


ROLLING 
DIRECTION 


In other words, the due- 
tility is either zero or equal to the 


yield point elongation (see also Ref- 
erence 15 

At the low temperatures shown in 
Table 2, the uniaxial ductility continues 
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Fig. 10 Uniaxial ductility of mild steel in unnotched im- 


pact bending at low temperatures as compared with slow 
bending. Three-sixteenths in. square unnotch bend speci- 


mens tested in Charpy impact machine 
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to be considerably different for the roll- 
ing and normal! directions, but the dif- 
ference is somewhat smaller than at 
higher temperatures. The rolling di- 
rection has about three times as much 
ductility as the norma! direction at 

155” © for either tensile tests or 
narrow bend tests. At 195° C, the 
normal ductility is not much lower than 
the rolling ductility for the narrow 
bend test; and in tensile tests both 
directions may show complete brittle- 
ness, but the normal direction seems to 
be more consistently brittle 

Figure summarizes the yield 
strength values from tensile teste 
One of two distinetly different be- 
haviors was observed at the onset of 
yielding: either a pronounced yield 
point was observed, or there was no 
evidence of a yield point at all.* Only 
1 out of 22 tensile tests failed to exhibit 
a definite yield point, and in these cases 
the strength plotted in Fig. 18 is the 
stress at 0.20% plastic strain. In 3 
tensile tests at liquid nitrogen tempern- 
ture where there was no measurable 
ductility, the brittle fracture strength 
was the same as the yield strength for 
those specimens which showed some 
slight ductility. Thus, it appears that 
brittle fracture occurs when the first 
plastic flow begins (see also Reference 
16). Although there is a pronounced 
difference in the fracturing character- 
istics for the rolling direction and the 
normal direction, Fig. S shows that the 
deformation resistance is essentially 
the same for these two directions. The 
yield strength increases tremendously 
as the temperature is lowered from 
room temperature to 195° C, by a 
factor of more than 3 (see also Refer- 
ence 13). 

Figure 9 shows the results of slow 
bend tests on wide unnotched specimens 
The duetility is considerably smaller 
under this biaxial stress state than under 
uniaxial tension, particularly for the 
rolling direction (see also References 
9 and 14). The two-to-one loss of 
ductility with biaxiality at room tem- 
perature is about the same as that 
noted previously by Barlow! and by 
Sachs.’ As the temperature is lowered, 
the biaxial ductility diminishes sooner 
than the uniaxial ductility, so that 
in the range from 125 to 195° C 
the biaxial ductility is somewhere 
between 5 and 10 times smaller than 
the uniaxial ductility (see also Table 2) 

In both the rolling and the normal 
directions and for both uniaxial and 
biaxial bend tests, the ductility drops 
off rather rapidly with temperature to 
1% or less. Although the duetility 
for a given biaxiality is considerably 
different for the rolling and normal 
directions at the higher temperatures 


* Reference 8 gives detaile of yield point be 
havior 
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Fig. 11 Comparison of uniaxial, biaxial and notch bend ductility 
values for mild steel at various temperatures. Notch bend specimens 
are standard V-notch Charpy impact specimens 


the tempers 


becomes ve 


perature) is approximately the same for change in biaxiality from 0 to 0.25 
both directions, namely about —155° C Thus, Low and Zeno observed about 
for biaxial conditions and 195° C the same shift in brittle temperature 
for uniaxial conditions. Thus, for either per unit biaxiality change as that 
the rolling or the normal direction, as shown in Fig. 9. MaeGregor and 
the biaxiality changes from O to 0.5, Grossman’s data on tool steel*® indicates 
there is an upward shift of about less temperature shift per unit bianxiality 
10° C in the brittle temperature. Mae- change. 

Gregor and Grossman? observed about a Impact bend tests on square, un 
30° C rise in the brittle temperature notched bend specimens (Pig. 10 
of annealed tool steel as the biaxiality show that there is about as much loss 
was increased from O48 to 1.00. Sur- of uniaxial ductility due to a 250,000 
prisingly, the brittle temperature in times-faster deflection rate as the loss 
their tests on an annealed tool steel of ductility in slow bend tests due to 
(—195 to 165° C) was essentially introducing a biaxiality of one-half 
the same as for mild steel (—195 to At a given temperature, the unnotched 
-155° ©). Low and Zeno® did not impact bend ductility is greater for the 
measure ductility directly, but if the rolling direction (30°) at 100° © 
energy values which they did measure than for the normal direction (10% at 
are related to ductility, there appears —100% C). Fig. 10 and Table 2 
to be an upward shift of about 25° ( show that the ductility diminishes to 
in the brittle temperature for the in- approximately 1% at a temperature 
crease of biaxiality which they con- of —155° C for both the rolling and 
sidered (double-width specimens as normal directions. This temperature is 
compared with square specimens). about 40° C higher than the britth 
Sachs’ data on duralumin’® indicates temperature in a slow bend test. Mac- 
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Gregor and Grossman? also noticed 
that the brittle temperature for an- 
nealed tool cel 
higher for a faster deflection rate 
However, they observed a considerably 
larger effect a 60° C shift of tempera- 
ture for 3000 to 1 in. rate for tool steel 
as compared with a 40° C shift in tem- 
perature for 250,000-to-1 in. rate for 
mild steel (Fig. 10 

Figure 11 shows the ductility values 
obtained from slow notched bend tests 
At room temperature, the slow bend 
ductility in a notched test is not signifi 
cantly different from that in a wide 
unnotched test This behavior is to be 


expected, since for both specimens the 


Was onsiderabl 


surface biaxiality is one-half and frac- 
ture begins at the surface As the 
temperature is lowered below room 
temperature, the notched bend ductility 
decreases faster than the ductility in 
the wice unnotched bend test for 
the rolling direction, the notehed bend 
ductility has decreased to a few percent 
at 100° ©, whereas the ductility in 
the wide, unnotched bend test is still 
approximately 40% 

Presumably the reason why the 
notched bend ductility and the wide 
unnotched bend ductility are the same 
at room temperature but are different 
at lower temperatures is that the metal 
becomes more sensitive to triaxial stress 
as the temperature is lowered. The sche- 
matic diagram of Fig. 12 suggests how 
the sensitivity to triaxiality may in- 
fluence the relative ductility in notched 
and unnotched bend specimens Here 
triaxiality is defined as the ratio (S/S, 
of the smallest principal stress to the 
largest one. The upper diagram shows 
hypothe tical curves of ductilit wainst 
triaxiality, where the ductility dimin 
ishes almost to zero for a triaxiality of 
0.2 if the temperature is low, but it 
decreases only by 30%, if the tempera 
ture is high. The two lower diagrams 
illustrate schematically the behaviors 
at room temperature and low tempera 
ture The distributions of strain and 
triaxiality are similar for the two tem- 
peratures, but the corresponding due 
tility distributions converted from 
triaxiality by means of the upper clin 
gram, are greatly different, depending 
upon the shape of the curve in the upper 


diagram At room temperature, there 


is a very slight dip in the ductility cor 
rr sponding te the given triaxi pu ak 
while at low temperature there is a 
very deep ductility dip corresponding 
to the same triaxiality peak Any point 
on these ductility distribution 

represents the limiting strain the 
strain at which fracture woul 
if the actual strain did reach this value 
The concept that such a curve exists 
is illustrated by some unnotched bend 
ing data in the Appendix. The lower 
left diagram for room temperature and 
low triaxiality sensitivity, shows that 


NoveMBER 1956 


actual strain (k,) reaches the limit- 
strain first at the bottom of the 
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| fo 


aiagramn 


triaxiality 


while 


the lower mght hand 
temperature and high 
itv, shows that the 


actual strain reaches the limiting straim 


or ductility 


ductility has 
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Fig. 12 Schematic diagram illustrating possible differences in stress, 
strain and ductility distributions in notch bending for high and low 
temperatures, respectively 
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Fig. 13 Comparison of various fracture characteristics derived from the slow 
notch bend test. Rolling direction 
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The fact that notched bend ductility 
may be equal to the wide, unnotehed 
bend ductility under one set of cir- 
cumstances and greatly different under 
other circumstances has been observed 
previously'’ for an alloy steel heat 
treated to produce two slightly different 
values of hardness. For both hard- 
nesses, the unnotched bend ductility 
was greater than 120% for biaxial con- 
ditions and the tensile ductility was 
about 300% By contrast, the notched 
bend ductility was only 5% for the 
somewhat harder condition, and 170% 
for the softer one 

At — 100° C, for the rolling direction, 
there is a ratio of ductilities for notched 
and unnotched specimens of more than 
10 to | (Pig. 11). is a signifi- 
cantly larger effect of traxiality than 
found by Sachse” for duralumin. On 
the other hand, the triaxiality values 
reached in Sachs’ notched tensile tests 
are not much greater than 0.4, whereas 
the triaxiality might be as high as 0.6, 
or even 0.7 in the notched bend test, 
judging by Brown's photoelastic data.” 
There is also the possibility that mild 
steel tested at —100° C is simply more 
sensitive to triaxiality than is duralumin 
at room temperature. 

Figure 13 shows that the energy ab- 
sorbed in slow notched bend tests gradu- 
ally decreases with temperature in the 
temperature range between 80 and 
+ 100° C, as commonly observed in 
notched bar impact bend tests, At 
temperatures above 100° C, the energy 
decreases as the temperature is raised. 
This behavior is not characteristic of 
typical impact energy curves, and will 
be discussed presently 

The notch ductility curve has been 
reproduced in Fig. 13 for comparison with 
the energy curve. We find that the 
ductility is not changing very fast in 
the region of temperature where energy 
is diminishing rapidly with tempera- 
ture. In facet, the ductility is de- 
creasing with temperature in a tempera- 
ture range where the energy is increasing 
(between 20 and 100° ©), 

To understand better how ductility 
is related to energy, the total energy was 
divided into two parts: that associated 
with the initiation of the crack and that 
associated with the propagation of the 
erack.* Figure 13 shows that epergy 
for crack initiation roughly parallels 
the duetility. This is not surprising, 
since energy is roughly proportional to 
the product of ductility and strength 
(deformation resistance), and the due- 
tility is much more affeeted by tempera- 
ture than is the strength in the tem- 
perature range considered. Figure 13 
also shows that the energy for crack 
initiation is only a small part of the 
total energy and that the energy for 
crack initiation is not changing much 


* Reference 8 gives the details of the analysim 
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Fig. 14 Comparison of V-notch Charpy impact characteristics with slow 


notch bend test results 


: in the range of temperatures where the 


total energy is falling rapidly. These 
trends have been noted earlier by Lub- 
ahn’ and by Kahn and Imbembo.* Ob- 
viously, total energy is not governed 
primarily by ductility, but rather by 
the mode of crack propagation. Figure 
13 also shows that the depth of fibrous 
tearing prior to sudden cleavage in- 
creases with temperature in a manner 
very similar to that in which total 
energy increases. Again we see that 
the total energy is primarily governed 
by the mode of crack propagation in 
the temperature range from —SO to 
100° ©, 

In various investigations described 
in the literature, it has usually been 
concluded that fibrous tearing is not 
existent at a temperature slightly 
below the so-called “transition tem- 
perature,”’ or the temperature at which 
the energy “diminishes abruptly to a 
small value.” This conclusion is usu- 
ally based on the appearance of the 
fracture, which is apparently free of 
fibrous fracture at temperatures low 
enough so that the impact energy is 
small, In this investigation it was 
likewise observed that there was “100°; 
cleavage” at a temperature (—25° C) 
where the energy had dropped to only 
10 ft-lb (Fig. 13), but it is important 
to note that there was slight ductile 
tearing even at temperatures as low as 
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—125° C. This ductile tearing cannot 
be observed by examining the fracture 
surface after complete separation, but 
must be observed with a microscope 
as small cracks forming at the notch 
bottom. 

Figure 14 shows the results of stand- 
ard V-notch Charpy impact tests, 
Between —50° C and room tempera- 
ture the energy curve for the slow tests 
is parallel to that for the impact tests 
and is displaced downward in tempera- 
ture by about 50° C. This displace- 
ment is about the same as for narrow 
unnotched bend tests (Fig. 10). At 
temperatures above 50° C, the energy 
in the slow notched bend test fails to 
rise with temperature as rapidly as 
the energy in the impact test. Above 
100° C the energy in the slow notched 
bend test decreases with temperature 
until finally it is only a third as large 
as that for the impact notched bend 
test at 200° C. This difference prob- 
ably arises because the rate sensitivity 
increases with temperature until a 
considerable difference in deformation 
resistance can occur between fast and 
slow tests, resulting in a lower load- 
deflection curve for the slow test and 
lower energy (the area under the load 
deflection curve). Data taken by Mae- 
Gregor and Fisher®! on mild steel, which 
has been reduced to rate sensitivity by 
Lubahn™, indicates that the probable 
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Fig. 15 Bending strength of standard V-notch Charpy impact specimens tested 


slowly on a 1.575-in. span. Mild steel 


rate sensitivity (disregarding the mini- 
mum due to strain aging) is 0.07 at 
200° C. Using this rate sensitivity, it 


ean be shown*® that the strength ratio 
should hn 24 for the 250.000-to-one 
difference in rate between the slow notch 


bend test and the impact notch bend 
test. This ratio is approximately the 
same as the energy ratio for the fast 
and slow tests in Fig. 14 

The lower diagram of Fig. 14 shows 


that most of the large drop in energy 
oceurs in the same temperature range 
as that where the mode of crack prop 


to 
This correlation between the 


agation is changing from fibrous 


cleavage 


amount of fibrous fracture and the im 
pact energy has been noted repe atedly 
throughout the literature In such 


comparisons, however, it is customary 
to plot the percentage ol fibrous fracture 
the rather 


than the percentage of depth to which 


overt entire cross section 


fibrous fracture has progre ssed without 
cleavage is in Fig. 14 Figure 14 
‘ uphasizes the fact that cleavage fra 
ture begins earlier and earher as the 


The distance 
tearing can 
age may be the 


of the 


temperature is lowered 
to 
without clea 
for the suitability 


ous applications It 


which fibrous proceed 
criterion 
metal in vari 
reasonable 
additional fibrous 
the test, after 
may be of litth 


application in- 


to suppose that some 
at the 
cleavage has occurred 
henefit the 
volves some slightly different conditions 
the cleavage 
sult in complete separation of the part 
15 shows fracture load for the 
notched There 
general kinds of behavior, depending 
upon the temperature. Above a 
the after the 
gins the | 


mee ompans ing 


tearing end of 


service 


which would cause to re- 


Figure 


hend tests are two 


load increases erack be- 
amount of 
hardening the 
The amount by which 


after the crack 


because of 
strain 
fibrous tearing 
the load begins 
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hecomes larger and larger as the tem 
perature is raised from 
about room temperature where the 
maximum load is about 50°) higher 
than the load at which ductile tearing 
began selow SO° the toad for 
crack initiation equals the maximum 
load in other words, the specimen 
breaks almost immediately as soon as 
the first crack appears 

It should be clear from Fig. 15 that 
maximum load a fictitious and 
meaningless strength value and it 
shouldn't be used as a eriterion of frac 


turing behavior unless the te mperature 
is below about SO” ¢ Fracture has 
begun long before, and a deep crack 


loud 
initiation as the 
then it can be 


already present at maximum 


one consick re Only CTACK 


criterion of strength 


seen that the bending strength rises 
continuously with decreasing tempera 
ture in the range where maximum load 


is decreasing This increase in strength 


for crack initiation) is not nearly so 
large, however, ae the increase ce 
formation resistance Fig. S), because 
of the diminishing duetility is the 
temperature is lowered from room 


12: vield 
the 


for 


the 
load 


temperature to 


strength doubles whilk 


wk initiation increases by only 30%, 
For specimens in both directions 
there was loss of strength (for crack 
initiation with decreasing tempera- 
ture onl it the lowest temperature 


investigats 


Only at the very lowest temperatures 
vas there any tendency for the load 
arrving capacity to be smaller in the 
normal direction than in the rolling 
lirection Apparent! the ductility 
level must be exceedingly low before 
the duetility lifferences between the 


Lh) 
treneth differences of 


normal and rolling directions (hig 


int reflected in 


and 


notehed 
ui be compared 
loud 


erting the bending to 


nominal bending strength 


illed the “modulus of rup- 


times 
ture In general, nominal stress 16 
the largest tensile stress which would 
exist if the specimen were elastic and 
if ome tress raiser were present, and 
specifically for bending, it 18 the mo- 
ment divided 1 the section modulus 
under the notch hor unnotehed speci 
men i ilue of bending moment can 
he obtained from the bending load at 
fracture only if the duetility is suffi- 
eentl mall that fracture oceurs before 
the specimen pulls through the three- 
point bending fixture. This was true 
only for temperatures below ©, 
Ihe of nominal bending 
trength are summarized in Table 3 for 
the notched bend specimens and the 
wide, unnotehed bend specimens (bi- 
ixiality of 0.5 in both types of tests). 


All the temperatures considered are low 
enough that separation oecurs a8 
is the first crack appears, Conse- 
quent! the trength values corre- 
pond both to maximum load and to 
rach initiation 

Table 3 shows that the noteh bend 
trength considerably less than the 
unnotched bend strength at 196° C, 
that it is essential equal to the un- 


notched strength at 155° C, and that 


Table 3—Nominal Bending Strength at Low Temperatures for Notched and 
Wide, Unnotched Bend Tests 


Kio ing direction 
lin 
Temperature Notched notched 
100” ¢ 07 
100. 000 
125° 117,000 152,000 
140,000 
155° ( 120 144,000 
105° ¢ 124,000 142,000 
134,000 144,000 


\ direclu 

Yield 

hed aolched trength* 

O00 151.000 15,000 
OO) 

000 140,000 58, 000 
145.000 

1 112,000 120,000 72,000 
117 000 121 
19,000 125,000 

0 58 OOO 140,000 102,000 
154,000 


data of Fig. & 
1h 


Ave raged from the 
t From the trend curve of Fig 
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Fig. 16 Range of temperature in 
which various fracture characteristics 
decrease from a high value to a low 
value with decreasing temperature. 
“Low” means less than 1% ductility, 
less than 1% fibrous tearing preced- 
ing cleavage, and less than 20% of 
the maximum energy 


it is again less than the unnotched bend 
strength at —100 -125° C, 
This behavior is contrary to notch 
tensile testing experience,” which shows 
that as the ductility increases, the ratio 
of notched to smooth strength increases 
continuously from less than unity to 
greater than unity. By contrast, Table 
4 shows that for the normal direction, 
this ratio (Rn) changes from 0.58 to 
1.02 to 0.68 as the temperature and 
ductility increases, 

The above discussion is concerned 
with the relative strengths of smooth 
and notched specimens. It is 
valuable to consider the notch strength 
values in relation to the yield strength. 
If the metal were completely brittle, 
the unnotched nominal bending strength 
should be equal to the yield strength 
and the nominal notch bending strength 
would be about one-quarter as large as 
the yield strength, since the stress con- 
centration factor is 4.2 for the speci- 
mens being considered here.** For 
the lowest temperature, where the 
ductility is lowest, the unnotched bend- 
ing strength is almost 50°) higher than 
the yield strength, and the notch strength 
is in the neighborhood of the yield 
strength (somewhat less for the normal 
direction and somewhat more for the 
rolling direction), results in- 
dicate that duetility values of 0.1 to 
0.3% for unnotched specimens (Table 
2), and probable values considerably 
smaller than these for notched speci- 
mens (see Fig. 11) are large enough to 
permit strength values which are several 
times the expected strength for com- 


and 


also 


These 


plete brittleness 

At —100° C, where the notch bend 
ductility is in the neighborhood of 5° 
(Fig. 11), and the unnotched bend 
ductility is 15-50%, depending on the 
orientation (Fig. 9), the notch bend 
strength is twice the yield strength and 
the unnotched bend strength is three 
times the yield strength (Table 3). 
The values can be so high partly be- 
cause of strain hardening, partly be- 


cause of the beneficial effect of large 
plastic deformation on stress raisers, 
and partly of the fictitious 
nature of nominal stress. 


because 


Summary: 
Discussion of Unsolved Problems 


The quantities which appear at the 
moment to best describe the fracturing 
characteristics are: (1) ductility, (2) 
depth of initial tearing (prior to cleav- 
age), (3) energy-absorbing ability, and 
(4) strength, or load-carrying capacity. 
As the temperature is lowered, all four 
quantities cither remain constant or 
increase slightly over a certain range 
of temperature and then drop off rather 
rapidly to comparatively small values. 
The temperature at which ductility, 
energy, ete., begins to fall off with de- 
creasing temperature can be stated with 
a fair degree of certainty, and if arbi- 
trary definitions are taken of “a very 
low value characteristic of lower tem- 
peratures,’ then definite values 
be assigned to the temperature ranges 
within which these various quantities 
decrease markedly. A “low” value 
will be defined in the following arbi- 
trary way: less than 1% strain to 
fracture in the case of ductility; less 
than 1% fibrous tearing before cleavage 
sets in, in the case of crack propagation. 
Energy will be considered to be “di- 
minishing rapidly” if the energy is more 
than 20% away from either the highest 
or lowest value. 

Figure 16 shows that the metal is 
losing its capacity to absorb energy as 
the temperature is lowered through a 
range near room temperature, and that 
its ability to tear gradually without 
the appearance of cleavage is disap- 


can 


pearing rapidly in about the same tem- 
perature region. The metal its 
ductility rapidly in a range of tempera- 
ture near —100° C., more or 
depending upon the conditions of bi- 
axiality and strain rate. The metal 
does not even begin to lose its strength 
until temperatures less than — 150° C 
are reached, even for notched specimens 

The variation of impact energy with 
temperature is usually used to deter- 
mine a “transition temperature’ ac- 
cording to one of several arbitrary 
definitions. Most writers presume that 
“transition temperature” indicates the 
onset of “brittleness,” but they fail 
to differentiate between the kind of 
brittleness which absence of 
ductility (absence of plastic flow pre- 
ceding crack initiation) and the kind 
of brittleness which means sudden 
crack propagation by cleavage, where 
no visible plastic flow accompanies the 
propagation of the crack. It should be 
clear from Fig. 16 that ‘transition tem- 
perature” defined in terms of energy 
is related to crack propagation by cleav- 
age, and is not related to the tempera- 
ture at which the metal fails to show any 
plastic fiow prior to crack initiation. 
Absence of plastic flow prior to crack 
initiation is considered by the writer 
to be true brittleness, in contrast to 
“brittle erack propagation.” Figure 
16 shows that brittle crack propagation 
sets in at temperatures near room tem- 
perature, while true brittleness only 
occurs at temperatures below about 
—100° C, depending on the strain rate 
and stress state. 

It should now be clear that the term 
“transition temperature’”’ has different 
meanings in different technical papers. 
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For unnotched specimens it is related 
to true brittleness,? and in this usage is 
synonymous with the term “brittle 
temperature’ used above. On the other 
hand, the term “transition tempera- 
ture,”” when applied to the 
absorbed by notched 
usually related to an entirely separate 
brittle crack 
propagation. The “shift of transition 
temperature” from 130 to +40° C 
obtained by Low and Zeno® by putting 


energy 


specimens Is 


and distinct phenomenon 


a notch in the specimen is not entirely 
due to the triaxial stress state of the 
notched specimens, but is primarily 
a shift in the phenom non 
being considered. There is a shift in 
the brittle temperature due to triaxial 
stress, but the shift is much smaller 
and in an entirely different range of 
temperatures than that observed by 
Low and Zeno. Figure 11 shows that 
the brittle temperature shifts from 

180° C for uniaxial stress to — 100° C 
for the triaxial state of stress occurring 
On the other 
hand, Fig. 13 shows that a “transition 


caused by 


in a notched specimen, 
temperature” near room temperature 
arises from a change in the mode of 
crack propagation from fibrous to cleav- 
age. Figure 16 indicates that notched 
mild steel will absorb energy satisfac- 
torily down to temperatures of + 100 
C, can be plastically deformed satis- 
factorily down to —40° C, and will 
carry load satisfactorily down to — 160° 
C. In contrast, many welded mild- 
steel structures, and even some that did 
not involve welding, have exhibited 
distressingly small static load carrying 
capacities in service at room tempera- 
ture or slightly below. For example, 
the S.S. Schenectady, which broke in 
two in quiet water, had only 9000-psi 
nominal stress in the deck at the time 
of fracture, and oil well piping of 90,000- 
psi yield strength minimum has failed 
at nominal stresses as low as 20,000 
kinds 


notably large gas pipes 


psi. Similarly, various other 
of structures 
storage tanks and bridges, have failed 
nominal 


under static loading at low 


stresses. These service failures seem to 
be incompatible with the test results 
of Fig. 16. Of course, the test results 
of Fig. 16 do not involve such factors 
as large size and welding (with attend- 
but on the 


points out that 


ant residual stress, et 
other hand, Wells” 
laboratory tests on various large welded 
structures have similarly failed to ex- 
hibit load-carrying capacities less than 
0.78 of the vield strength. In short 
neither the static tests of this investiga- 
tion nor of any other investigation 
vielded a nominal strength very much 
lower than the vield strength, while 
static failures in service have occurred at 
nominal strengths much lower than the 
yield strength. The only test which has 
vielded a low nominal strength is the 
SOD (Standard Oil Development) test,” 


NovEMBER 1956 


where ft secondary impact wedge load- 
ing 18 applied to a notch at the edge 
of the plate, in addition to the primary 
static load 
The above considerations raise the 
question as to what circumstances re- 
sulting in low values of nominal strength 
are present in service but are not pres- 
ent in laboratory tests One possi 
bility 
SOD test, is that the service failures 


sugar sted by the re sults of the 


were caused by a secondary local im- 
pact loading superimposed upon the 
primary stati loading On the other 
hand, it is hard to imagine local con 
mild-steel| 
structures that would be comparable 
to the conditions in an SOD test at the 


ditions in large welded 


edge of the plate \ second possibility 
has to do with the relative size of the 
whole structure and the local, highly 
stressed region in which the cleavage 
crack gets its start The work of 
Feeley” and * indicates 
that, once started 
by cleavage may 


tobertson’ 
crack propagation 
continue under a 
comparatively small nominal stress 
Investigations of the size effeet in mild 
steel (see References 7 and 30) have 
indicated that a large region of highly 
stressed metal is necessary in order to 
launch a self-sustaining cleavage crack 
It is conceivable that a combination of 
two circumstances is the cause of cleav- 
age fracture under low nominal stress 
1) the existence of a highly stressed 
region Which is of sufficient absolute 
crack Ci- 
pable of proceeding under a low value of 


nominal stress: and (2) the existence 


size to generate a cleavage 


of an amount of material which is 


large in comparison with the local 
highly stressed region, and which has 
a sufficiently low stress that the average 
stress (or nominal stress) for the entire 
specimen or structure is much smaller 
than the yield strength 

In terms of the 


would envision that 


ibove concepts, one 
laboratory testes 
of large welded specimens have failed 
nominal 


to exhibit low values of 


strength because the region of high 
critical stress was either too large or 
too small If the 


region 18 too small, it will not generate 


critically stressed 
a self-propagating cleavage crack, and 
if it is too large compared with the 
whole specimen the average stress for 
the whole specimen will not be signifi- 
cantly less than the vield stre ngth 
hither of the 
scribed above may account for the fail 
tests to simulate the 
conditions of service that result in low 


two possibilities de 
ure of laborator 
nominal strengths 1) the necessity 
impact load in addition 


to the primar static load, or (2) the 


for a secondary 


necessity for having a critically stressed 
region Of optimum siz On the other 
probable that neithe: 
of these pos ihilities is the correct on 
and that the rea 


hand, it is equally 
onditions leading to 
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Fig. 18 Effect of biaxiality on the 
ductility of '/»-in. 24SO plate. From 
Sachs, ef al.** 


low nominal strength in service have 
vet to be What these 
conditions are is the all-important ques- 
tion to be answered today regarding 
the behavior of mild steel, Although 
the test results presented in thie report 
have served to clarify several previous 
still fail to answer 
this all Miportant question, 


APPENDIX 


Strain Analysis of Unnotched Bend- 
ing Specimens 

The following data illustrate the use- 
fulness of the concept that fracture 
where the actual strain first 
reaches the limiting strain for fracture, 
or where the metal first “runs out of 
ductility.” This 
pends on the local conditions of stram 
rate, stress state, etc., and is not affected 
by the strain or conditions elsewhere. 


discovered 


misconceptions, they 


limiting strain de- 


Figure 17 shows strain analyses for 
two unnotched bend specimens-—-one 
1.0) and the other side 
thickness (w/h 


measured axial and 


square (w/h 
compared to the 
From the 
tangential strains, the biaxiality (axial 
stress divided by 
can be found from the Von Mises con- 


tangential stress) 


dition 


vhere ¢ is logarithmic, or natural, strain 
Figure 17 shows that the biaxiality 
ilmont it mid-width for 
j while hy biaxial 


rei hye 


uare mur i comparatively 

ilue of biaxiality across 
iith of the specunen there will be 
ductilits or limiting 
Figure 
values, as de- 


a corresponding 
strain that will cause tracture 
IS show duectilit 
results.” Using 

distributions of 

erted to ductility 

dashed Both 

hiaxiality at the 


same cduc- 


« 
> 
. UCT 
20 
0 
+1 
Ss 2 + 
ity 
thi 
corners, and therefore the 


tility. The narrow specimen has only 
a small biaxidlity at the center, and 
therefore, only a slight loss of ductility; 
the wide specimen attains a biaxiality 
of almost 0.5 at mid-width, where the 
ductility is not much over half that at 
the edges. 

If the tangential were uni- 
formly distributed the width 
failure at mid-width would be expected 
because the ductility at that 
The tangential is not 
uniformly distributed, The 
tangential stretching tension 
side causes a tendency 


strain 


ACTORS 


is least 
strain 
however. 
on the 
for axial 
traction, and the tangential contraction 


point, 


on the compression side causes a tend- 
ency for axial spreading. These tend- 
encies, if unrestramed, would 
transverse bending opposite to the pri- 
mary tangential bending, resulting in a 
saddle-shaped tension surface. In the 
wide the inherent stiffness 
of a curved plate prevents this trans- 
verse except at the 
strained edges, where a slight “curling” 
occurs. Because of this curling up 
the metal at the edges is stretched 
around a slightly larger and 
therefore has strain (Fig. 17). 
The square bar is not restrained 
against this transverse It 
develops considerable curvature in the 
axial direction, with the result that the 
tangential strains 
higher at the edges than at the center 

Summarizing if the 
strains were uniform across the width, 
fracture would occur at mid-width be- 
cause of the higher biaxiality; and if the 
biaxiality were uniform the 
width, fracture would oceur at the edges 
because of the higher tangential strain. 
What actually happens depends on the 
relative magnitude of these two effects. 
Figure 17 that the biaxiality 
effects predominate in the wide apeci- 


cause 


specimen, 
bending, unre- 


circle, 
more 


bending. 


are considerable 


tangential 


ACTOSS 


shows 


so that the metal first 
of ductility at mid-width: 
ot 
the predominating feature in the square 
with the result that the 
runs out of ductility at 
Conseque ntly would 
first cracks to 
the and 
corners of the The 


confirmed this expecta 


men out 
the 


is 


runs 
while 
nonuniformity tangential strain 
specimen 

metal first 
the edges 
expect the 
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